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ABSTRACT

Norepinephrine acts within select basal forebrain regions to modulate behavioral state
and/or state-dependent processes, including the general regions encompassing the medial
septal area, the medial preoptic area, and the substantia innominata. The present study
examined the origin and organization of noradrenergic efferents to these basal forebrain
regions by using combined immunohistochemical identification of noradrenergic neurons
with retrograde tracing. Results indicate that the locus coeruleus provides the majority of
noradrenergic input to these regions. Lesser, although at times substantial, contributions
from the A1/C1 and A2/C2 adrenergic cell groups were also observed, particularly in the case
of the medial preoptic region. Given the prominent state-modulating actions of the locus
coeruleus, additional studies examined: 1) lateralization of locus coeruleus efferents to these
regions; 2) the topographical organization of basal forebrain-projecting locus coeruleus neu-
rons; and 3) the degree of collateralization of individual locus coeruleus neurons across these
regions. Approximately 80—85% of locus coeruleus efferents to these regions project ipsilat-
erally. In general, basal forebrain-projecting neurons were distributed throughout the entire
dorsoventral and rostrocaudal extent of the locus coeruleus. Additionally, a large proportion
of locus coeruleus neurons project simultaneously to these basal forebrain terminal fields.
Combined, these observations indicate coordinated actions of locus coeruleus neurons across
these basal forebrain regions implicated in the regulation of behavioral state and/or state-

dependent processes. J. Comp. Neurol. 496:668—-683, 2006.
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The locus coeruleus (L.C) is a small pontine nucleus that
through an extensive efferent projection system provides
the majority of forebrain norepinephrine (NE). Extensive
evidence indicates that the LC-noradrenergic system ex-
erts potent modulatory actions on forebrain neuronal and
behavioral activity states (for review, see Berridge and
Waterhouse, 2003). For example, LC neurons display
state-dependent discharge rates, such that they are more
active in waking than in sleep (Hobson et al., 1975; Foote
et al., 1980; Aston-Jones and Bloom, 1981). Consistent
with this, unilateral enhancement of LC neuronal dis-
charge rates elicits robust bilateral activation of the fore-
brain as measured by electroencephalographic (EEG) ac-
tivity in the halothane-anesthetized rat (Berridge and
Foote, 1991). Conversely, bilateral suppression of LC dis-
charge activity increases EEG indices of sedation in the
lightly anesthetized rat (Berridge et al., 1993).

Additional studies indicate that noradrenergic efferents
act within an extended region of the medial basal fore-
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brain to modulate behavioral state. This region encom-
passes the general region of the medial septal area (MSA;
including the medial septum and the diagonal band of
Broca) and the general region of the medial preoptic area
(MPOR; including the medial preoptic area proper and the
medial preoptic nucleus). Infusion of NE or noradrenergic
a;- or B-receptor agonists into either of these regions in-
creases EEG and behavioral indices of alert waking (Ber-
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ridge and Foote, 1996; Berridge et al., 1996, 2003; Ber-
ridge and O’Neill, 2001). In contrast, infusions placed
immediately outside these regions do not alter behavioral
state. The substantia innominata (SI) plays a prominent
role in the regulation of EEG activity state (Buzsaki et al.,
1988; Metherate et al., 1992), and NE modulates SI neu-
ronal activity (Fort et al., 1995). Thus, it is interesting
that NE, amphetamine, or noradrenergic receptor ago-
nists infused into the SI do not alter EEG or behavioral
indices of arousal (Berridge et al., 1999; Berridge and
O’Neill, 2001). The only exception to this is observed fol-
lowing high doses of NE (Cape and Jones, 1998; Berridge
and O’Neill, 2001). Thus, the MSA and MPOR appear to
differ from the SI in terms of sensitivity to the wake-
promoting actions of NE. This is in contrast to that ob-
served with hypocretin (orexin), which exerts wake-
promoting actions when infused into the MSA, MPOR, or
SI (Espana et al., 2001; Thakkar et al., 2001).

The above-described observations indicate a promi-
nent role of NE within a circumscribed region of the
medial basal forebrain in the regulation of behavioral
state and state-dependent processes. To date, much re-
mains unknown concerning the origin and organization
of noradrenergic efferents to basal forebrain arousal-
related regions. Previous studies demonstrate that all
three of these basal forebrain regions receive noradren-
ergic input from the LC (Segal and Landis, 1974; Jones
and Moore, 1977; Moore, 1978; Krayniak et al., 1981;
Zaborsky, 1989). Nonetheless, a number of important
questions remain concerning the organization of norad-
renergic efferents to basal forebrain regions associated
with the regulation of behavioral state. First, the pro-
portion of noradrenergic innervation of the MSA,
MPOR, and SI that originates from the LC vs. other
noradrenergic nuclei remains unknown. For example, in
the case of the shell subdivision of the nucleus accum-
bens and the ventrolateral preoptic area (VLPO), these
basal forebrain structures receive the majority of nor-
adrenergic input from noradrenergic nuclei other than
the LC (Delfs et al., 1998; Chou et al., 2002).

Second, the LC projects to the neocortex in a predomi-
nantly ipsilateral manner, whereas the degree of lateral-
ization to subcortical regions varies depending on the ter-
minal field (Simpson et al., 1997). The degree to which the
noradrenergic innervation of basal forebrain arousal-
related structures is lateralized has not been well charac-
terized. Third, extensive evidence indicates a general to-
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pographic organization of LC neurons projecting to
cortical and subcortical sensory systems (Segal and Lan-
dis, 1974; Loy et al., 1980; Haring and Davis, 1983; Wa-
terhouse et al., 1983, 1993). For example, cortically pro-
jecting neurons tend to be located caudally within the L.C
(Waterhouse et al., 1983). Moreover, across cortical fields,
cortically projecting LC neurons display a differential dis-
tribution within the LC in both the dorsoventral and ros-
trocaudal dimensions (Waterhouse et al., 1983). The ex-
tent to which LC neurons projecting to basal forebrain
arousal-related structures are topographically organized
is currently not known.

Finally, it has been demonstrated previously that
subsets of individual LC neurons project to functionally
related structures (e.g., cortical, thalamic, and brain-
stem somatosensory nuclei; Simpson et al., 1997). How-
ever, the extent to which individual LC neurons simul-
taneously target the MSA, MPOR, and/or SI is not
known. Given the differential sensitivity to the wake-
promoting actions of NE across the MSA and MPOR vs.
SI, it is of interest to determine whether there are
corresponding differences in the origin and/or organiza-
tion of noradrenergic efferents across these basal fore-
brain regions.

The current studies utilized single and double retro-
grade labeling of noradrenergic neurons to characterize
better the anatomical organization of noradrenergic ef-
ferents to basal forebrain structures associated with the
regulation of behavioral state. Single retrograde tracing
using Fluoro-Gold (FG) or cholera toxin B subunit
(CTb), combined with immunohistochemical visualiza-
tion of dopamine-B-hydroxylase (DBH), the NE syn-
thetic enzyme, demonstrated that the LC is the primary
source of noradrenergic innervation to these three basal
forebrain regions. Based on these observations, addi-
tional analyses examined the degree to which LC neu-
rons projecting to these regions are lateralized and to-
pographically organized. Finally, in a subset of cases,
dual infusions of FG and CTb were used to examine the
extent to which individual LC neurons collateralize to
multiple arousal-related basal forebrain terminal fields.
In these latter studies, animals received a pair of tracer
infusions into different basal forebrain noradrenergic
terminal fields (e.g., FG into the MSA and CTb into the
MPOR). The degree to which individual LC neurons
were labeled by both tracers was then measured.

Abbreviations
ACB nucleus accumbens MPO medial preoptic area
aco anterior commissure MPOR medial preoptic area
BST bed nucleus of the stria terminalis MS medial septum
C central canal MSA medial septal area
DBH dopamine B-hydroxylase NDB nucleus of the diagonal band of Broca
DTN dorsal tegmental nucleus NI nucleus incertus
FG Fluoro-Gold och optic chiasm
fx fornix PB parabrachial nucleus
int internal capsule scp superior cerebellar peduncle
LC locus coeruleus SI substantia innominata
LPO lateral preoptic area SLC subcoeruleus nucleus
LRN lateral reticular nucleus SubC subcoeruleus nucleus
LS lateral septum VL lateral ventricle
MA magnocellular preoptic area VLPO ventrolateral preoptic area
MEV mesencephalic nucleus of the trigeminal V3 third ventricle
MPN medial preoptic nucleus V4 fourth ventricle
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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 libitum access to food and water on an
13/11-hour light/dark cycle (lights on 7:00 am).

Surgery

All animals were anesthetized by using halothane and
then placed in a stereotaxic instrument with the incisor
bar set at —11.5 mm below ear bar zero. Retrograde tracer
infusions were made into the MSA (—0.75 A, 1.5L, —6.7V),
MPOR (—2.0A, 1.8L, —7.6V), and/or SI (—1.9A, 3.4L,
—7.6V) using glass pipettes (see below). Infusion pipettes
were inserted at an angle of 4° from vertical. In all cases,
an incision was made in the dura mater with a 30-gauge
needle prior to insertion of the infusion pipette. At the end
of surgery, all animals received buprenorphine (0.01 mg/
kg; Reckett Beckiser Pharmaceutical, Richmond, VA) and
penicillin (300,000 U/ml; G.C. Handford, Syracuse, NY).
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 and
were supervised and approved by the Institutional Animal
Care and Use Committee of the University of Wisconsin.

Infusion procedures

FG (Fluorochrome, Denver, CO) or CTb (List Biological
Laboratories, Campbell, CA) were used as retrograde trac-
ers to identify noradrenergic efferents to the MSA, MPOR,
or SI. For FG, single-barrel glass micropipettes (15-25 pm
diameter; Friedrich and Dimmock, Millville, NJ) were
filled with 2% FG solution (dissolved in saline) as previ-
ously described (Valentino et al., 1994). Once the infusion
pipette was positioned at the appropriate coordinates (see
above), FG was iontophoresed (5.0 pA, 15 minutes,
5-second pulses, 50% duty cycle), and the pipette was left
in place for 10 minutes. For infusions of CTb, single-barrel
glass micropipettes (20-30 wm diameter; Friedrich and
Dimmock) were filled with 1% CTb solution 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 calibrated pipette (60 nl/mm). Ap-
proximately 200-300 nl of solution was ejected over a
period of at least 10 minutes, and the pipette was left in
place for an additional 10 minutes. For both FG and CTb
infusions, animals were sacrificed 7 days following sur-
gery and infusion.

To examine collateralization of LC efferents to basal
forebrain structures, an infusion of FG was made into the
MSA, MPOR, or SI, and a CTb infusion was made into one
of the two remaining basal forebrain regions within the
same animal, as described above. For all animals tested,
combinations of retrograde tracer infusions were made
into the same hemisphere (e.g., FG into the left MSA and
CTb into the left MPOR). Animals were sacrificed 7 days
following the infusions to ensure optimal retrograde dis-
tribution of tracer (Valentino et al., 1994).

Histology and immunohistochemistry

All animals were deeply anesthetized with sodium pen-
tobarbital (Abbott Laboratories, North Chicago, IL) and
perfused transcardially with 250 ml heparinized saline (1
unit of heparin/ml 0.9% saline; heparin was obtained from

The Journal of Comparative Neurology. DOI 10.1002/cne

R.A. ESPANA AND C.W. BERRIDGE

SoloPak Laboratories, Elk Grove Village, IL) followed by
400 ml of 4% paraformaldehyde in 0.01 M phosphate
buffer (pH 7.4). Brains were removed, stored in parafor-
maldehyde overnight, and taken through graded sucrose
solutions (10-20-30% sucrose in 0.01 M phosphate buffer,
pH 7.4). A tracking mark was made in the right lateral
cortex and brainstem, and 40-pum-thick sections were col-
lected into six series (wells) by using a cryostat. Therefore,
sections within any single well were separated by 200 um
(i.e., 5 X 40 pm). Sections were then placed in 0.01 M
phosphate-buffered saline (PBS; pH 7.4) with 0.1% so-
dium azide and stored at 4°C.

For immunohistochemical processing of FG, sections
were rinsed with 0.01 M PBS and then incubated for 20
minutes in a quench solution containing 0.75% hydrogen
peroxide. Sections were then rinsed and incubated for 48
hours at 4°C with rabbit anti-FG antibody (1:2,000;
Chemicon, Temecula, CA; cat. no. AB153) diluted in 0.01
M/PBS containing 0.1% Triton-X-100 (PBS-TX; Sigma
Chemical Co., St. Louis, MO). After incubation, tissue was
rinsed with 0.01 M PBS-TX and incubated with donkey-
anti-rabbit antibody (1:500; Jackson ImmunoResearch,
West Grove, PA) for 90 inutes. Tissue was then rinsed
with 0.01 M PBS-TX, exposed to rabbit peroxidase anti-
peroxidase (PAP; 1:500; Dako, Carpinteria, CA) for 90
minutes, and rinsed with 0.01 M PBS-TX. Sections were
reacted with diaminobenzidene (DAB; Vector, Burlin-
game, CA) to yield a brown precipitate.

For immunohistochemical processing of CTb, sections
were rinsed with 0.01 M PBS and then incubated for 20
minutes in a quench solution containing 0.75% hydrogen
peroxide. Sections were then rinsed and incubated for 48
hours at 4°C with goat anti-CTb antibody (1:40,000; Ac-
curate Chemical and Scientific, Westbury, NY; cat. no.
703) diluted in 0.01 M PBS-TX. After incubation, tissue
was rinsed with 0.01 M PBS-TX and incubated with
donkey-anti-goat antibody (1:500; Jackson ImmunoRe-
search) for 90 minutes. Tissue was then rinsed with 0.01
M PBS-TX, exposed to ABC (1:500; Vector) for 90-minutes,
and rinsed with 0.01 M PBS-TX. Sections were reacted
with DAB (Vector) to yield a brown precipitate.

For dual visualization of FG and DBH, or CTb and DBH
(FG + DBH or CTb + DBH), sections were first stained for
FG or CTb as described above and then incubated for 48
hours at 4°C with mouse anti-DBH antibody raised
against purified bovine DBH (1:1,000,000 for LC sections,
1:200,000 for all other brainstem sections; Chemicon; cat.
no. MAB308) diluted in 0.01 M PBS-TX. The distribution
of DBH-ir neurons obtained from this antibody was iden-
tical to that described previously (Lindvall and Bjorklund,
1983; Saper et al., 1983; Tucker et al., 1987). After incu-
bation, tissue was rinsed with 0.01 M PBS-TX and incu-
bated with donkey-anti-mouse antibody (1:500; Jackson
ImmunoResearch) for 90 minutes. Tissue was then rinsed
with 0.01 M PBS-TX, exposed to ABC (1:500; Vector) for
90 minutes, and rinsed with 0.01 M PBS-TX. Sections
were reacted with SG blue to yield a blue precipitate
(Vector). This sequence of staining allowed for optimal
discrimination of single- (FG, CTb, or DBH) versus
double-labeled cells (FG + DBH or CTb + DBH) and did
not appear to alter the staining quality or the average cell
counts commonly observed when individual labeling for
FG, CTb, or DBH was used.

When FG and CTb were visualized within the same
tissue section, sections were first stained for CTb (brown
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Fig.1. Photomicrographs depicting the rostrocaudal extent of DBH-ir neurons within the LC nucleus.
The LC nucleus was divided into these three rostrocaudal levels for topographical analyses (see Materials
and Methods). AP numbers refer to approximate coronal level relative to bregma. For abbreviations, see

list. Scale bar = 300 pm.

reaction product) followed by staining for FG (blue reac-
tion product; Vector). This sequence of staining allowed
for optimal discrimination of single- (FG or CTb) versus
double-labeled cells (FG + CTb) and did not appear to
alter the staining quality or the average cell counts com-
monly observed when individual labeling for FG or CTb
was used. In all cases, omission of the primary antibody
resulted in the absence of labeling within tissue.

Our immunoperoxidase-based analyses indicated dou-
ble labeling (DBH + retrograde label) largely within the
LC, Al, and A2 only. To ensure the reliability of
immunoperoxidase-based analyses of single and double
labeling within these regions, FG and DBH were also
visualized by using immunofluorescence. For these cases,
sections were first incubated for 48 hours at 4°C with
rabbit anti-FG antibody (1:2,000; Chemicon; cat. no.
AB153) diluted in 0.01 M PBS-TX. After incubation, tissue
was rinsed with 0.01 M PBS-TX and incubated with a
Cy3-conjugated donkey-anti-rabbit antibody (1:500; Jack-
son ImmunoResearch) for 90 minutes and then rinsed.
After FG processing, tissue was incubated for 48 hours at
4°C with mouse anti-DBH antibody (1:500,000; Chemicon;
cat. no. MAB308) diluted in 0.01 M PBS-TX. After incu-
bation, tissue was rinsed with 0.01 M PBS-TX and incu-
bated in fluorescein-conjugated rabbit anti-mouse anti-
body (1:500; Jackson ImmunoResearch) for 90 minutes.

Sections processed with immunoperoxidase techniques
were mounted on microscope slides (Fisher Scientific,
Itasca, Il), air-dried, dehydrated in graded alcohols (50—
100%), cleared for 24 hours (Histoclear; Fisher Scientific),
and coverslipped by using DPX mounting medium (BDH
Laboratory Supplies, Garden City, NY). Sections pro-
cessed for immunofluorescence were mounted on micro-
scope slides (Fisher Scientific), air-dried, and coverslipped
with Prolong mounting medium (Molecular Probes, Eu-
gene, OR).

Data analyses and photomicrograph
production

For each region, the absolute numbers of DBH-ir, ret-
rogradely labeled, and double-labeled neurons was
counted by using an Olympus BX51 light and reflected
immunofluorescence microscope. For examination of ret-
rogradely labeled DBH neurons within the A1/C1, A2/C2,
A4, A5, L.C (A6), A7, subcoeruleus (SLC) and C3, single-
(FG, CTb, or DBH), or double- (FG+DBH or CTh+DBH)

labeled neurons were counted from both hemispheres in
each animal, and analyses encompassed the full rostro-
caudal extent of each of these noradrenergic/adrenergic
regions (nonadjacent sections, see above). The vast major-
ity (90-95%) of immunoreactive cells that were counted as
"DBH-ir neurons® possessed a clearly definable nucleus
whose diameter fell within a range of 8—10 pm depending
on the noradrenergic/adrenergic region examined. In the
few cases in which there was a distinct cell profile but no
nucleus visible (often due to the dense DBH staining ob-
served in the LC), immunoreactive cells were counted as
"DBH-ir neurons® only when they were largely spherical
in shape and had a diameter comparable to, or greater
than, the average size of DBH-ir nuclei.

For immunoperoxidase-processed tissue, cells were con-
sidered double-labeled only when 1) obvious areas of DAB
(brown) and SG blue (blue) precipitate were observed in a
heterogeneous fashion within the same cell; or 2) DAB
brown and SG blue precipitate overlapped in a relatively
homogenous fashion to produce a dark gray-brown color
clearly distinct from either DAB or SG blue single-labeled
cells. Within the LC, in some cases retrogradely labeled
cells were often darkly stained, making discrimination
between brown and blue somewhat difficult. In these
cases, DBH immunoreactivity within processes clearly ex-
tending from the soma could often be used as an indicator
of double labeling. In all cases, a cell was counted as
double-labeled only when evidence of both brown and blue
precipitates was visible in that cell. For immunofluores-
cent tissue, cells were considered double-labeled only
when fluorescence was clearly observed for both FG (red
fluorescent signal) and DBH (green fluorescent signal)
within the same cell. Cell counts were adjusted by obtain-
ing a random sampling of the nuclear diameters for neu-
rons located within each noradrenergic/adrenergic region
and then applying Abercrombie’s correction factor (Aber-
crombie and Johnson, 1946) to get an accurate estimation
of the actual number of cells present per section examined.

For the LC, counting of labeled neurons was initiated at
the rostralmost pole of the LC (~AP = —9.00, relative to
Bregma) and continued through the caudalmost portions
of the LC (~AP = —10.30). On average, counting was
conducted on eight to nine sections per animal and in all
cases, at least one rostral (~AP = —9.60), one central
(~AP = —9.85), and one caudal (~AP = —10.10) DBH-
rich section was utilized for these analyses (Fig. 1).
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In the case of other noradrenergic/adrenergic regions,
counting began at the first sign of consistent DBH immu-
noreactivity, within a particular structure, and continued
until no more DBH-ir neurons were observed in that
structure. For the A1/C1, DBH-ir neurons were commonly
observed at (~AP = —11.90) through (~AP = —16.10) and
on average, spanned 14-17 sections per animal. For the
A2/C2, DBH-ir neurons were commonly observed at
(~AP = —11.90) through (~AP = —16.90) and spanned
14-17 sections per animal. For the A4, DBH-ir neurons
were commonly observed at (~AP = -10.30) through
(~AP = —11.30) and spanned five to six sections per
animal. For the A5, DBH-ir neurons were commonly ob-
served at (~AP = —9.50) through (~AP = —11.00) and
spanned 11-13 sections per animal. For the A7, DBH-ir
neurons were commonly observed at (~AP = —-8.80)
through (~AP = —9.20) and spanned two to three sections
per animal. For the SLC, DBH-ir neurons were commonly
observed at (~AP = —9.50) through (~AP = —10.20) and
spanned four to five sections per animal. Finally, for the
C3, DBH-ir neurons were commonly observed from
(~AP = —-11.30) through (-AP = —12.60) and spanned
six to eight sections per animal.

For each noradrenergic/adrenergic nucleus, the abso-
lute number of DBH-ir neurons and the percentage of
DBH-ir neurons that were retrogradely labeled from the
MSA, MPOR, or SI was calculated for each animal and
then averaged across all animals. This number represents
the average percentage of retrogradely labeled DBH-ir
neurons within a given nucleus. The total number of
DBH-ir neurons and the total number of retrogradely
labeled DBH-ir neurons across all noradrenergic/
adrenergic nuclei were calculated in a subset of cases that
received relatively large infusions that were well posi-
tioned within each basal forebrain region and that had
consistent DBH staining throughout all nuclei. From
these numbers, the percentage of all retrogradely labeled
DBHe-ir neurons (across all noradrenergic nuclei) was cal-
culated for each animal and then subsequently averaged
across animals. This number represents the relative dis-
tribution of all retrogradely labeled DBH-ir neurons
across the individual nuclei.

In a subset of animals, analyses were conducted to ex-
amine the topography of FG retrogradely labeled neurons
in the rostrocaudal and dorsoventral dimensions from
both hemispheres in two to three adjacent series per ani-
mal. In the rostrocaudal analyses, the number of retro-
gradely labeled neurons was calculated from each of the
three rostrocaudal levels (Figs. 1,6) and then summed
across series for each animal. These values were subse-
quently averaged across animals and expressed as a per-
centage of the total number of retrogradely labeled neu-
rons across the three levels of the LC to provide a value for
each rostral, central, and caudal segment. For the dorso-
ventral analyses, each rostrocaudal extent of the LC was
divided into three dorsoventral segments (Fig. 6). In these
analyses, retrogradely labeled neurons were counted from
each of the dorsoventral segments and then summed
across series for each animal. These values were subse-
quently averaged across animals and expressed as a per-
centage of the total number of retrogradely labeled neu-
rons across the three levels of the LC to provide a value for
each dorsal, central, and ventral segment for each animal.

Brightfield photomicrographs were acquired by using
an Axiocam HRc digital camera (Carl Zeiss, Thornwood,
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NY). Immunofluorescent photomicrographs were acquired
by using a Nikon C1 confocal microscope (Nikon, Melville,
NY). All digital images were matched for brightness and
contrast by using Adobe (San Jose, CA) Photoshop 6.0
software and labeled by using Adobe Illustrator 10.0 soft-
ware.

RESULTS
Boundaries of basal forebrain regions

To characterize better the organization of noradrenergic
projections to basal forebrain arousal-related structures,
FG or CTb was infused within the general regions of the
MSA, MPOR, or SI. Previous studies delineated the
boundaries for the MSA, MPOR, and SI within which
noradrenergic a;- and B-receptor agonists (MSA, MPOR)
and/or hypocretin (SI) act to promote waking (Berridge
and Foote, 1996; Berridge et al., 1996, 2003; Berridge and
O’Neill, 2001; Espana et al., 2001; Thakkar et al., 2001).
As defined by these previous sleep-wake studies, the MSA
and MPOR are anatomically complex regions encompass-
ing a number of distinct anatomical structures.

For example, the general region of the MSA contains
neurons from the medial septum, the vertical limb of the
diagonal band of Broca (NDB), the islands of Calleja, and
relatively small portions of the lateral preoptic area (LPO;
Swanson, 1998; Figs. 2, 3). The general region defined as
the MPOR contains several preoptic structures, including
the medial preoptic area proper (MPO), the medial preop-
tic nucleus (MPN), and the median preoptic nucleus
(Swanson, 1998; Figs. 2, 3). Given the anatomical resolu-
tion of previously conducted microinfusion studies, the
precise site(s) of action involved in the behavioral state
modulatory actions of NE within the MSA and MPOR are
not known. In contrast to the MSA and MPOR, the SI is a
relatively homogenous region lacking multiple anatomi-
cally defined subnuclei (Swanson, 1998). Previous studies
demonstrate that hypocretin acts to promote waking
within the general region of the SI that includes the mag-
nocellular preoptic area as well as the lateral and caudal
portions of the NDB (Espaia et al., 2001; Figs. 2, 3).

For the majority of cases, retrograde tracer infusions
filled a substantial portion of a given basal forebrain re-
gion identified in these mapping studies as being sensitive
to the sleep-wake modulatory actions of either NE or
hypocretin.

General observations

MSA. FG infusions of sufficient size were made into
the MSA in ten animals. In the majority of these cases,
infusions largely targeted the medial septum and the ver-
tical limb of the NDB (Figs. 2, 3). In four animals, FG
infusions were located more ventrally, within the dorsal-
most aspect of the horizontal limb of the NDB. In four of
the above cases, a minute amount of infusate appeared to
cross the midline.

Similar to that described previously (Vertes, 1988), in-
fusion of a retrograde tracer within the MSA resulted in
retrograde labeling widely throughout the rat brain.
Within the forebrain, particularly dense labeling was ob-
served within orbital (ORB) and infralimbic (ILA) areas of
the cortex, the lateral septum, the vertical and horizontal
limbs of the NDB, and the amygdala. Particularly high
concentrations of labeled cells were also observed within
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the anterior hypothalamic area and moderate levels

within the medial preoptic area proper, the medial preop-

tic nucleus, and the ventrolateral preoptic area (VLPO). MS A
Throughout the thalamus, modest levels of retrograde

labeling were observed.

Within the midbrain, relatively dense retrograde label- VL
ing was observed within the ventral tegmental area
(VTA), the substantia nigra (SN), the periaqueductal gray
(PAG), and the rostral aspects of the dorsal raphe. Within
the pons and medulla, several regions showed moderate
levels of retrograde labeling including the dorsal and lat-
eral tegmental nuclei, the dorsal and median raphe nuclei,
the raphe pallidus, and the LC (see below). Moderate
levels of labeling were observed within the A1/C1 and
A2/C2. Relatively few retrogradely labeled neurons were
observed in other noradrenergic and adrenergic struc-
tures, such as the subcoeruleus (SLC), A7, A5, and A4. In
all cases in which the FG infusion was largely unilateral,
retrograde labeling was primarily observed ipsilateral to
the infusion site (see below for further description). In
contrast, when FG was infused bilaterally, retrograde la-
beling was also observed bilaterally.

MPOR. FG infusions were made into the MPOR in

nine animals. In three of these animals infusions were MPOR

aco

confined to the ventromedial portion of the MPOR, encom-
passing the entire medial preoptic nucleus and the major-
ity of the medial preoptic area proper, whereas in two
cases infusions were placed more dorsally, immediately
ventral to the anterior commissure (Figs. 2, 3). In three
cases, the infusions encompassed the entire dorsoventral
and mediolateral extent of the MPOR and the medial
portions of the LPO. In one of these latter cases the infu-
sions extended to the most caudal portions of the MPN.
Additionally, in one animal the infusion was located lat-
eral to the MPN and encompassed most of the medial
preoptic area proper and a small portion of the LPO. Of
the nine MPOR cases, four infusions resulted in tracer
diffusion into the VLPO. In these cases, the magnitude

nt aco

and pattern of retrograde labeling obtained was similar to

that observed in cases in which little or no tracer diffused

into the VLPO. el och
Similar to that observed with FG infusions into the IS ~\ B . AP=-0.35

MSA and to that described previously, infusions of FG into - =

the MPOR resulted in retrograde labeling widely through- SI
out the brain (Vertes, 1988; Castafnieyra-Perdomo et al.,

1992). Dense retrograde labeling was observed within the

lateral septum, the medial septum, and the bed nucleus of int

the stria terminalis (BNST). Lower concentrations of la- ; aco
beled cells were observed within the horizontal and verti-
cal limbs of the diagonal band of Broca. Moderate levels of
retrograde labeling were also observed throughout the
thalamus and the amygdala.

Fig. 2. Photomicrographs depicting representative FG infusions
within MSA, MPOR, and SI. For MSA, the FG infusion is located
largely within the medial septum and the dorsalmost aspects of the
vertical limb of the diagonal band of Broca. For MPOR, the FG
infusion is located within the medial and ventral aspects of MPOR.
For SI, the FG infusion is located within the SI, immediately ventral
to the anterior commissure and dorsal to the magnocellular preoptic
area. For all regions, note the relatively well-demarcated border of the AT S ! ; AP=-0.15
infusion with little diffusion into adjacent regions. The arrow points to
midline. For abbreviations, see list. Scale bar = 500 pm.
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Fig. 3. Schematic depiction of approximate location of FG infu-
sions within the MSA, MPOR, and SI. Shown are representative
infusion locations within each region within a subset of three rats.
The dotted lines denote the general area demonstrated previously as

responsive to the wake-promoting actions of NE. AP numbers refer to
approximate coronal level relative to bregma. For abbreviations, see
list. Adapted from Swanson (1998).
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In the midbrain, low-to-moderate levels of labeling were
observed within the VTA, SN, and PAG. Within the pons
and medulla, several regions showed low to moderate
levels of retrograde labeling including the LC (see below),
A1/C1, A2/C2, dorsal tegmental nucleus, laterodorsal teg-
mental nucleus, dorsal raphe, parabrachial nucleus, raphe
magnus, and raphe pallidus. Few retrogradely labeled
neurons were observed in the SLC, A4, A5, A7, and C3. In
all cases, retrograde labeling was primarily observed ip-
silateral to the infusion site.

SI. FG infusions were made into the general region of
the SI in ten animals. In seven of these cases, infusions
were largely confined to the SI (rostral Ch4; Mesulam et
al., 1983) directly ventral to the anterior commissure and
slightly rostral to the level of the decussation of the ante-
rior commissure (Figs. 2, 3). In three additional animals,
FG infusions were located more ventrally and encom-
passed the ventral aspects of the SI, portions of the pos-
terior horizontal limb of the NDB, and the magnocellular
preoptic nucleus.

Similar to that previously described, FG infusions into
the SI resulted in retrograde labeling widely throughout
the brain (Vertes, 1988; Grove, 1988; Semba et al., 1988;
Jones and Cuello, 1989). Relatively dense labeling was
observed within the ORB and ILA as well as throughout
the anterior nucleus accumbens. More caudally, very
dense labeling was observed within the nucleus accum-
bens, and lower levels of retrograde labeling were ob-
served in the lateral septum, medial septum, NDB, and
BNST. Relatively dense retrograde labeling was also ob-
served within the VLPO, particularly in cases in which the
FG infusion targeted ventral portions of the SI and dorsal
portions of the magnocellular preoptic area. Modest levels
of retrograde labeling were observed throughout the an-
terior and posterior hypothalamus, including the medial
preoptic area proper. Moderate levels of retrograde label-
ing were also observed throughout the amygdala and the
paraventricular nucleus of the thalamus.

In the midbrain, moderately dense labeling was ob-
served within the VTA and PAG as well as low levels
within the SN. Within the pons and medulla, several
regions showed low to moderate levels of retrograde label-
ing including the dorsal tegmental nucleus, the laterodor-
sal tegmental nucleus, Barrington’s nucleus, the LC (see
below), the A1/C1, the A2/C2, the dorsal and central ra-
phe, the parabrachial nucleus, the raphe linearis, and the
raphe pallidus. Few retrogradely labeled neurons were
observed in the SLC, A4, A5, A7, and C3. In all cases,
retrograde labeling was observed primarily ipsilateral to
the infusion site.

Origin of noradrenergic efferents to the
MSA, MPOR, and SI

To characterize better the major sources of noradrener-
gic input to these basal forebrain regions, double-labeling
immunohistochemistry was conducted and the distribu-
tion of DBH-ir neurons retrogradely labeled from FG or
CTb infusions placed within the MSA (n = 7), MPOR, (n =
6), and SI (n = 8) was examined. In general, DBH-ir
neurons were observed throughout the brainstem, as de-
scribed previously (Lindvall and Bjorklund, 1983; Tucker
et al., 1987; Saper et al., 1983). Briefly, in the rostrocaudal
dimension, DBH-ir neurons were first observed within the
A7 region at the level of the most rostral portions of
Barrington’s nucleus and the caudal extent of the dorsal
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raphe. These neurons were located lateral to the pontine
reticular nucleus and ventral to the parabrachial nucleus
and extended caudally for approximately 400 pm. LC
DBH-ir neurons were first encountered in low numbers as
a dispersed grouping of neurons in the same rostrocaudal
plane as the posterior extent of the A7. More caudally,
these neurons formed a small round nucleus, which sub-
sequently became increasingly larger and more compact,
forming the main body of the LC (Fig. 1). LC DBH-ir
neurons eventually transitioned into A4 neurons, which
lined the dorsolateral fourth ventricular wall and ex-
tended approximately 1 mm beyond the LC. DBH-ir neu-
rons within the SLC emerged immediately ventral to the
central main body portions of the LC (Fig. 1, Central) as a
small grouping of neurons that persisted for approxi-
mately 300 pm. At levels that contained the caudalmost
portions of the LC, SLC neurons were no longer present.
A5 DBH-ir neurons were generally encountered in align-
ment with the caudal third of the LC. This small collection
of neurons was located dorsal to the lateral superior oli-
vary nucleus and extended approximately 700 pm beyond
the LC immediately caudal to the VII nerve.

The adrenergic C3 region began approximately 500 um
caudal to the A5 and 100 pm caudal to the A4. These
neurons were principally located medial and ventral to the
nucleus propositus and paragigantocellular reticular nu-
cleus and extended caudally for nearly 1 mm. Within this
range, DBH-ir neurons within the adrenergic C1 region
were encountered at the level of the nucleus raphe obscu-
rus, immediately ventral to the VII nerve. These adrener-
gic neurons (Saper et al., 1983) extended caudally where
they briefly intermixed with noradrenergic neurons and
eventually gave way to form the Al region within the
ventrolateral border of the reticular formation, medial and
ventral to the spinal trigeminal nucleus. A1l neurons con-
tinued for approximately 2 mm into the cervical 1 level of
the spinal cord. Similar to the C1, DBH-ir neurons within
the adrenergic C2 region were initially encountered at the
level of the nucleus raphe obscurus, along the medial edge
of the nucleus of the solitary tract (NTS). Caudally, this
group of DBH-ir neurons migrated medially for approxi-
mately 500 pm where it divided into two loose clusters: 1)
a dorsal collection of neurons forming an arc medial to the
NTS and ventral to the fourth ventricle; and 2) a more
ventral collection abutting the medial border of the dorsal
motor nucleus of the vagus (Saper et al., 1983, 1993). At
levels caudal to the more posterior aspects of the reticular
nucleus, A2 DBH-ir neurons formed a single compact clus-
ter within the ventromedial commissural NTS, dorsal to
the central canal. This cluster extended caudally for ap-
proximately 2 mm.

Using standard immunoperoxidase/brightfield tech-
niques, the extent of retrograde labeling of DBH neurons
(DBH + FG) was examined across all noradrenergic/
adrenergic nuclei in a subset of animals (n = 3 per region)
in which: 1) FG infusions were centered within the basal
forebrain region of interest; 2) FG was distributed uni-
formly throughout the majority of the region of interest,
and; 3) consistent DBH staining was obtained throughout
the rostral-caudal extent of all noradrenergic/adrenergic
nuclei. To ensure the reliability and accuracy of immuno-
peroxidase analyses, in adjacent sections, retrogradely la-
beled DBH-ir neurons in the LLC were also visualized by
using immunofluorescent techniques (see Materials and
Methods). Results obtained from these analyses demon-
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Fig. 4. Photomicrographs depicting retrogradely labeled DBH-ir
neurons within select noradrenergic nuclei. Shown are low (A) and
high (B) magnification images of FG-labeled neurons (brown), DBH-ir
neurons (blue), and FG-labeled DBH-ir neurons (blue-brown) within
the LC, Al, and A2 from one rat infused with FG into MSA. Boxes in
A indicate regions displayed at higher magnification in B. Arrows

strate comparable numbers of retrogradely labeled
DBH-ir neurons using both immunoperoxidase and immu-
nofluorescent techniques (Figs. 4, 5). For example, by us-
ing immunoperoxidase methods, the mean number of ret-
rogradely labeled DBH-ir neurons in the LC (three
rostrocaudal levels of LC) following FG infusions into the
MSA, MPOR, and SI was 13.1 = 0.8, 10.9 = 1.2, and
11.4 = 0.7, respectively. By using immunofluorescent
methods, we obtained cell counts of 14.1 = 1.3,11.4 + 1.7,
and 11.9 = 1.1, for the MSA, MPOR, and SI, respectively.
Combined with previous observations comparing results
obtained with both peroxidase and fluorescent techniques
(Espania et al., 2005), these observations suggest accurate
estimation of the number of double-labeled neurons using
this immunoperoxidase-based brightfield protocol. Based
on these results, all further analyses were conducted by
using immunoperoxidase staining and brightfield micros-
copy.

MSA. Infusions of FG or CTb into the MSA resulted in
retrograde labeling of DBH-ir neurons within noradrener-
gic nuclei located throughout the brainstem (Figs. 4, 5;
Table 1). Across all DBH-ir neurons counted within all
brainstem adrenergic nuclei, the majority of the double
labeling was observed within the LC (56.8 * 5.8%) and
considerably less double labeling was observed within the
A1/C1(23.6 = 4.9%) and A2/C2 (14.5 = 1.7%). Minimal to
no double labeling was observed within the A5, SLC, A7,
or C3. Retrogradely labeled non-DBH neurons were fre-
quently observed within the anterior aspect of the LC and
the A1/C1 and A2/C2 regions. In two cases, FG infusions
were placed within the shell subregion of the nucleus
accumbens with minimal to no encroachment into the
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indicate examples of retrogradely labeled DBH-ir neurons. Note that
retrogradely labeled DBH-ir neurons are observed within the LC, A1,
and A2. AP numbers refer to approximate coronal level relative to
bregma. For abbreviations, see list. Scale bars = 100 pm in A; 25 pm
in B.

general region of the MSA. Consistent with that described
previously (Delfs et al., 1998), in these two cases the
majority of double labeling was observed within the A1/C1
(44.6 = 1.9%), and lesser labeling was observed within the
LC (27.6 = 5.4%), A2/C2 (24.7 = 5.3%), and A5 (2.4 =
1.6%).

MPOR. Infusions of FG into the MPOR resulted in
retrograde labeling of DBH-ir neurons within several nor-
adrenergic nuclei (Table 1). Although the LC contained a
large number of double-labeled neurons (41.7 + 2.2%), a
similar number of double-labeled neurons were also ob-
served within the A1/C1 region of the medulla (39.7 =
1.8%). Considerably less double labeling was observed
within the A2/C2 (14.9 + 1.8%) and A5 (2.9 = 0.6%). Little
to no double labeling was observed within the A4, A7, and
C3. As with MSA tracer infusions, retrogradely labeled
non-DBH neurons were frequently observed within the
anterior aspect of the LC and the A1/C1 and A2/C2 re-
gions.

SI. In a subset of animals described above, infusions
of FG into the SI resulted in retrograde labeling of
DBH-ir neurons within several noradrenergic nuclei
(Table 1). The majority of the double labeling was ob-
served within the LC (46.8 = 2.5%), and less labeling
was observed within the A1/C1 (24.8 = 2.9%), A2/C2
(21.1 = 3.3%), and A5 (6.0 = 2.4%). Minimal to no
double labeling was observed within the A4, A7, and C3.
As with the MSA and MPOR tracer infusions, retro-
gradely labeled non-DBH neurons were frequently ob-
served within the anterior aspect of the LC and the
A1/C1 and A2/C2 regions.
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Fig. 5. Fluorescent photomicrographs depicting retrogradely la-
beled DBH-ir neurons within the LC from one rat infused with FG in
the MSA. Shown are DBH-ir neurons (green, top panel), FG-
retrogradely labeled neurons (red, center panel), and FG-retrogradely
labeled DBH-ir neurons (yellow, bottom panel) derived from a com-
posite of DBH and FG photomicrographs. Asterisk indicates an ex-
ample of a retrogradely labeled neuron that is not DBH-ir. For Ab-
breviations, see list. Scale bar = 100 pm.

Organization of LC efferents to the MSA,
MPOR, and SI

To examine the extent to which LC neurons projecting
to forebrain arousal-related structures are lateralized and
topographically organized, the retrograde tracer FG was
infused within the MSA, MPOR, or SI, and retrograde

677

TABLE 1. Distribution of Retrogradely Labeled DBH-ir Neurons Across
Select Noradrenergic Nuclei Following Tracer Infusion Into the Basal

Forebrain'
% DBH-ir
neurons % of all DBH-ir
No. of DBH-ir retrogradely neurons
neurons per labeled per retrogradely
Region region region labeled
MSA
LC (A6) 52374 23.6 £ 2.7 56.8 = 5.8
SubC 7.7+10.8 1.1+0.7 0.5*0.3
A1/C1 12.7 £ 0.8 143 £ 24 23.6 =49
A2/C2 145 + 1.7 9.6*53 16.0 £ 2.5
A4 39=*05 0.0 = 0.0 0.0 £ 0.0
A5 6.2 0.7 49=*13 1.8+1.0
AT 95 =* 1.7 1.1+11 03 *0.3
C3 53=*0.7 1.5*+15 1.0 £ 1.0
MPOR
LC (A6) 56.4 = 8.0 15,5 2.0 41.7 =22
SubC 6.7*+0.8 0.0 = 0.0 0+0.0
Al/C1 10.9 + 0.7 258 +29 395+ 18
A2/C2 16.9 + 2.1 58+ 1.1 149 + 1.8
A4 26 *0.3 0.0 £ 0.0 0.0 £0.0
A5 6.4 0.7 83=*28 29+06
AT 6.6 = 1.7 2.0=*20 0.3 0.3
C3 4.0=*05 6.2*45 0.7+ 0.4
SI
LC (A6) 57.5 9.0 16.1 + 2.4 46.8 = 2.5
SubC 75+12 0.0 £ 0.0 0+0.0
A1/C1 115+ 0.9 129 2.1 248 =29
A2/C2 15.3 £ 2.0 9.58 = 1.7 21.1+33
A4 55*0.8 6.7*+29 1.0 0.1
A5 9.2 *0.7 54+12 6.0 24
AT 6.8 26 14+14 04+04
C3 45=*0.5 0.0 £ 0.0 0+0.0

Shown are: 1) mean number (= SEM) of DBH-ir neurons per noradrenergic/adrenergic
nucleus; 2) percentage (= SEM) of DBH-ir neurons from each noradrenergic nucleus
that were retrogradely labeled from the respective basal forebrain region (MSA, MPOR,
or SI); and 3) percentage of the total number of DBH-ir neurons across all noradrenergic
nuclei that were retrogradely labeled within a given noradrenergic nucleus. For each
basal forebrain region the majority of DBH-ir retrogradely labeled neurons was ob-
served within the LC and a lesser percentage within A1/C1 and A2/C2. Values shown
were obtained by applying Abercrombie’s correction factor (Abercrombie and Johnson,
1946). For abbreviations, see list.

TABLE 2. Topographical Distribution of Retrograde Labeling Within the
LC Following Retrograde Tracer Infusion Into the MSA, MPOR, and SI*

Rostral Central Caudal

Region (%) (%) (%)
Rostrocaudal

MSA 384 +48 41.6 = 3.3 20.0 = 3.0

MPOR 42.7*+5.6 29.3 5.7 28.0 6.4

SI 42.2 = 4.0 334+ 27 24.3 = 3.0
Region Dorsal Central Ventral
Dorsoventral

MSA 454 + 49 333*+34 21.2+3.1

MPOR 30.7 = 6.3 435+ 4.2 25.8 = 4.2

SI 40.2 = 3.4 392+ 2.1 20.6 =24

IShown are the percentages of FG retrogradely labeled neurons located across the
rostrocaudal and dorsoventral extents of the LC following tracer infusion into the MSA,
MPOR, or SI. For each basal forebrain region the majority of resulting retrograde
labeling was observed, rostrocaudally, within the rostral and central portions of LC.
Dorsoventrally, the majority of retrograde labeling was observed within the dorsal and
central thirds of the LC. Values shown are derived from cell counts adjusted by using
Abercrombie’s correction (Abercrombie’s and Johnson, 1946). Values shown were ob-
tained by applying Abercrombie’s correction factor (Abercrombie and Johnson, 1946).
For abbreviations, see list.

labeling was examined within the LC. In all cases exam-
ined, infusions of FG within these basal forebrain struc-
tures resulted in retrograde labeling within the LC (Ta-
bles 1, 2).

For the MSA, retrogradely labeled cells were observed
primarily ipsilaterally within the LC (83.9 = 1.9% ipsilat-
eral vs. 16.1 = 1.9% contralateral). Results obtained from
topographical analyses conducted on a subset of animals
(n = 6) indicated that, rostrocaudally, retrograde labeling
was concentrated to the rostral (38.4 + 4.8%) and central
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Fig. 6. Schematic depiction of the topographical distribution of
retrogradely labeled neurons within LC. Shown are three represen-
tative rostrocaudal levels of the LC in three separate rats that re-
ceived injection of FG into either the (A) MSA, (B) MPOR, or (C) SI.
Within each rostrocaudal level, the LC was divided into three dorso-
ventral segments for topographical analyses (see Materials and Meth-
ods). Filled circles represent one DBH-ir neuron retrogradely labeled
from the respective basal forebrain structure. Open squares represent

portions (main body; 41.6 *= 3.3%) of the LC, although
labeling was also observed within the caudal third of the
LC (20.0 = 3.0%). Dorsoventrally, the most consistent and
densest labeling was observed within the dorsal (45.4 =
4.9%) and central thirds (33.3 = 3.4%) of the LC, although
labeling was observed within the ventral third as well
(21.2 = 3.1%; Fig. 6A).

Similar to that observed with the MSA, FG infusions
placed within the MPOR (n = 6) resulted in retrograde
labeling throughout the LC nucleus. In all cases exam-
ined, retrogradely labeled cells were observed primarily
ipsilateral (81.4 *= 6.6% ipsilateral vs. 18.6 = 3.1%
contralateral) to the infusion site. Rostrocaudally, a
slight majority of retrogradely labeled neurons was ob-
served within the rostral third of the LC (42.7 = 5.6%).
The remaining retrograde labeling was distributed
equally between the central (29.3 * 5.7%) and caudal
(28.0 = 6.4%) portions of the LC. Dorsoventrally, the
highest levels of retrograde labeling were observed

a non-DBH-ir neuron retrogradely labeled. In all cases, the majority
of retrogradely labeled DBH-ir neurons are located within the rostral
and central portions of the LC, in the rostrocaudal dimension. In the
dorsoventral dimension, the majority of retrogradely labeled DBH-ir
neurons are observed within the dorsal and central thirds of the LC.
AP numbers refer to approximate coronal level relative to bregma. For
abbreviations, see list. Adapted from Swanson (1998).

within the central (43.5 = 4.2%) third of the LC, al-
though labeling was also consistently observed within
the dorsal (30.7 = 6.3%) and ventral (25.8 * 4.2%)
thirds (Fig. 6B).

Similar to that observed with infusions into the MSA
and MPOR, FG infusions placed within the SI (n = 6)
resulted in retrograde labeling throughout the LC nu-
cleus. In all cases examined, retrogradely labeled cells
were observed primarily ipsilaterally (81.7 + 2.4% ipsilat-
eral vs. 18.3 + 2.4% contralateral) within the LC. Rostro-
caudally, retrogradely labeled neurons were distributed
throughout the LC with the majority of labeled cells lo-
cated within the rostral (42.2 + 4.0%) and central (33.4 =
2.7%) portions of the LC and lesser labeling observed
within the caudal portion of the LC (24.3 + 3.0%). Dorso-
ventrally, retrograde labeling was primarily observed
within the dorsal (40.2 = 3.4%) and central (39.2 * 2.1%)
thirds, although labeling was also consistently observed
within the ventral (20.6 = 2. 4%) third (Fig. 6C).
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Fig. 7. Schematic depiction of approximate locations of dual ret-
rograde tracer infusions within two basal forebrain sites and photomi-
crographs of the resulting retrograde labeling within the L.LC. Shown
are FG and CTb infusion locations within (A) the MSA and MPOR; (B)
the MPOR and SI; and (C) the SI and MSA. The resulting retrograde
labeling associated with each of these combinations of infusions is also
shown. CTb (brown), FG (blue), and FG+CTb (blue-brown) labeled

Dual retrograde labeling of LC neurons
following infusions of retrograde tracer into
two distinct basal forebrain regions

To examine whether projections of individual LC neu-
rons collateralize to two distinct basal forebrain struc-
tures, 12 rats were injected with both FG and CTb within
two of the three basal forebrain regions described above
(e.g., the MSA + MPOR; MSA + SI; MPOR + 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 the
MSA + CTb in the MPOR (n = 2); 1b) CTb in the MSA +
FG in the MPOR (n = 2); 2a) FG in the MSA + CTb in the
SI (n = 2); 2b) CTb in the MSA + FG in the SI (n = 2); 3a)
FG in the MPOR + CTb in the SI (n = 2); and 3b) CTb in
the MPOR + FG in the SI (n = 2). Examples of infusions
of FG and CTb within these basal forebrain regions are
shown in Figures 3 and 7.

neurons are shown within the central portion of the LC. Arrows point
to neurons retrogradely labeled with FG and CTb from injections
made into the two respective basal forebrain regions (e.g., the MSA
and MPOR in A). AP numbers refer to approximate coronal level
relative to bregma. For abbreviations, see list. Adapted from Swanson
(1998). Scale bar = pm in A-B

In general, within all regions examined, CTb infusions
resulted in levels of retrograde labeling comparable to
those observed with FG infusions. In some cases, however,
slightly higher levels of retrograde labeling were observed
within the ipsilateral and contralateral hemispheres fol-
lowing CTb infusions. This difference in levels of retro-
grade labeling might be due, in part, to the infusion pro-
cedures used for each retrograde tracer (e.g., pressure vs.
iontophoresis; see Discussion).

Double-labeling immunohistochemistry was conducted
to examine collateralization of LC efferents to two distinct
basal forebrain regions. These studies indicated that in
cases in which infusions were placed within both the MSA
and MPOR, 33.9 = 6.5% of LC neurons retrogradely la-
beled from the MSA were also retrogradely labeled from
the MPOR. Conversely, 26.0 = 7.8% of L.C neurons retro-
gradely labeled from the MPOR were also retrogradely
labeled from the MSA (Fig. 7a). In cases in which infu-
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sions were placed within the MPOR and SI, 26.7 + 6.2% of
LC neurons retrogradely labeled from the MPOR were
also retrogradely labeled from the SI. Conversely, 22.6 +
3.5% of L.C neurons retrogradely labeled from the SI were
also retrogradely labeled from the MPOR (Fig. 7B). Fi-
nally, in cases in which infusions were placed within the
SI and MSA, 38.1 = 7.5% of LC neurons retrogradely
labeled from the SI were also retrogradely labeled from
the MS (Fig. 7C). Conversely, 39.0 = 8.0% of LC neurons
retrogradely labeled from the MSA were also retrogradely
labeled from SI.

Consistent with observations from retrograde tracing
studies in individual basal forebrain regions, the majority
of LC neurons double-labeled from two basal forebrain
regions were located rostrocaudally within the rostral and
central portions of the LC and, dorsoventrally, within the
dorsal and central thirds of the LC (data not shown). For
all cases examined, relatively low levels of double labeling
were observed within the contralateral hemisphere.

DISCUSSION

Noradrenergic efferents act within a circumscribed re-
gion of the medial basal forebrain to promote waking (e.g.,
the MSA and MPOR). Interestingly, although the SI plays
a critical role in the regulation of cortical EEG and behav-
ioral activity state (Buzsaki et al., 1988; Metherate et al.,
1992; Espana et al., 2001; Thakkar et al., 2001) and NE
modulates SI neuronal activity (Fort et al., 1995), this
region is relatively insensitive to the wake-promoting ac-
tions of NE and noradrenergic agonists (Berridge and
Foote, 1996; Berridge et al., 1996, 2003; Berridge and
O’Neill, 1999). The basic features of the LC-noradrenergic
innervation of these basal forebrain arousal-related struc-
tures have been described previously (Segal and Landis,
1974; Jones and Moore, 1977; Moore, 1978; Krayniak et
al., 1981; Valentino et al., 1983; Zaborsky, 1989). Never-
theless, much remained unknown concerning the sources
of noradrenergic input to these regions, the topographic
organization of basal forebrain-projecting LC neurons,
and the extent to which individual LC neurons simulta-
neously target these arousal-related regions.

Organization of LC efferents to the basal
forebrain

These studies demonstrate that despite differences in
sensitivity to the wake-promoting actions of NE across
these basal forebrain regions, the origin and organization
of noradrenergic efferents is largely similar for these three
regions. In each case, the LC is a major source of norad-
renergic input to these three regions. Thus, across all
DBHe-ir neurons retrogradely labeled in these studies, ap-
proximately 50% were located within the LC. Nonetheless,
both the A1/C1 and A2/C2 provide substantial
noradrenergic/adrenergic input to the MSA, MPOR, and
SI. In the case of the MPOR, input from the A1/C1 (39.5%)
was largely comparable to that of the LC (41.7%), consis-
tent with previous observations that the A1 and C1 both
project to the median preoptic nucleus (Armstrong et al.,
1983; Saper et al., 1983; Tucker et al., 1987). In contrast,
the A1/C1 provides substantially less input to the MSA
(23.6%) and SI (24.8%).

In the current study, we did not differentiate noradren-
ergic vs. adrenergic cell bodies (e.g., the Al vs. C1, the A2
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vs. C2). However, when these structures were differenti-
ated on the basis of anatomical landmarks (Tucker et al.,
1987; Paxinos et al., 1999), substantial labeling was ob-
served within the presumed adrenergic nuclei C1 and C2.
Thus, following FG infusion into the MPOR, 22.2 = 2.0 %
of all double-labeled neurons were located within the C1.
Consequently, only 17.3 = 1.2 % of neurons estimated to
be located within the Al were double-labeled. This is
consistent with previous observations indicating that ap-
proximately 50% of ventrolateral medullary neurons ret-
rogradely labeled from tracer infusion into the median
preoptic nucleus were adrenergic and not noradrenergic
(Saper et al., 1983). Therefore, the above-described anal-
yses probably overestimate the noradrenergic contribu-
tion to these basal forebrain regions arising from the ven-
trolateral medullary nuclei. In contrast, the C2/A2 region
appears to provide minimal adrenergic innervation to the
median preoptic nucleus (Saper et al., 1983). For all basal
forebrain regions examined, substantially less noradren-
ergic input arises from the region of the A5 (1.5-6%) and
lesser input still from the SLC, A4, and A7.

The pattern of sources of noradrenergic input to these
basal forebrain regions differs from that observed with the
nucleus accumbens shell and VLPO, both of which lie
within close proximity to the MSA and MPOR/SI, respec-
tively, and which receive sparse input from the LC (see
Results; Delfs et al., 1998; Chou et al., 2002). Combined,
these observations indicate that different subfields of the
basal forebrain have highly divergent sources of noradren-
ergic input. This provides the anatomical substrate for the
differential regulation of noradrenergic neurotransmis-
sion across adjacent basal forebrain structures. The func-
tional significance of this segregation of noradrenergic
input remains to be determined. However, it is worth
noting that the LC receives prominent input from fore-
brain regions associated with higher cognitive and affec-
tive function (e.g., prefrontal cortex, amygdala; Arnsten
and Goldman-Rakic, 1984; Van Bockstaele et al., 1998; for
review see Berridge and Waterhouse, 2003). Thus, basal
forebrain regions receiving substantial LC input are likely
to be influenced by these cortical and subcortical forebrain
regions involved in cognition and affect.

The majority of LC noradrenergic efferents to each of
these basal forebrain regions originated from the ipsilat-
eral hemisphere (approx. 80—85%). The proportion arising
from the contralateral hemisphere is substantially larger
than that observed for the neocortex but less than that
observed for certain thalamic and brainstem sensory
structures (Simpson et al., 1997). Therefore, in terms of
lateralization, the L.C innervation of these basal forebrain
arousal-related regions appears to be somewhat interme-
diate between cortical and certain other subcortical struc-
tures. When discussing laterality of noradrenergic effer-
ents to these basal forebrain regions, it is important to
note that stimulation of NE receptors unilaterally within
the MSA and MPOR results in the bilateral activation of
forebrain EEG and alert waking (Berridge and Foote,
1996; Berridge et al., 1996; Berridge and O’Neill, 2001). It
is not known whether the 15-20% of LC fibers that inner-
vate the contralateral MSA and MPOR are sufficient to
drive alterations in EEG and behavioral activity states.
However, as far as is known, LC neurons respond simi-
larly across the two hemispheres to environmental stim-
uli. Given this, under normal conditions, alterations in
rates of NE release will occur simultaneously within both
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hemispheres of the basal forebrain, ensuring coordination
of noradrenergic neurotransmission within each hemi-
sphere.

Within the LC, there was a slight bias for basal
forebrain-projecting neurons to be located, rostrocaudally,
within the rostral and central portions of the LC and,
dorsoventrally, within the dorsal and central portions
of the LC. Nonetheless, in general, basal forebrain-
projecting neurons were observed throughout the rostro-
caudal and dorsoventral extent of the LC. This is in
contrast to that described previously for LC neurons pro-
jecting to the neocortex, hippocampus, cerebellum, and
spinal cord (Loughlin et al., 1986), which tend to display
distinct topographic distributions within the nucleus.
Thus, basal forebrain-projecting LC neurons appear to be
more uniformly distributed within the LC than LC neu-
rons projecting to these other regions. A similarly broad
distribution of retrograde tracer within the LC was ob-
served following infusions into the ventromedial nucleus
of the hypothalamus (Loughlin et al., 1986). Additionally,
the broad distribution of basal forebrain-projecting LC
neurons across the dorsoventral dimension is similar to
that described for the frontal cortex (Waterhouse et al.,
1983).

LC neurons projecting to these basal forebrain regions
did not appear to be segregated within the L.C. Consistent
with this, we observed a high degree of collateralization of
individual LC neurons across the three basal forebrain
regions. This indicates a substantial proportion of individ-
ual LC neurons that project to one of these basal forebrain
regions simultaneously projects to the other two regions.
The highest degree of collateralization was observed for
tracer infusions into the MSA and SI (e.g., approximately
40%), whereas the lowest degree of collateralization was
observed between the MPOR and SI (e.g., approximately
25%). As discussed below, tracer infusions did not com-
pletely fill a given region, and thus these analyses proba-
bly underestimate the degree of collateralization of LC
neurons across these basal forebrain regions.

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 into adjacent structures.
The use of infusions of FG or CTb that did not fill entirely
a given structure probably results in an underestimation
of the absolute number of LC neurons that project to a
given structure. None of the retrograde tracer infusions
filled more than one-half of any given region, and most
filled substantially less than this. Therefore, it is esti-
mated that at least two to four times higher levels of
retrograde labeling of LC neurons and higher levels of
collateralization across basal forebrain regions would
have been observed had an entire field been filled with
retrograde tracer.

Previous mapping studies indicate wake-promoting ac-
tions of NE and other neurotransmitters within the gen-
eral regions MSA, MPOR, and SI (Kumar et al., 1986;
Mallick and Alam, 1992; Berridge and Foote, 1996; Ber-
ridge et al., 1996, 1999, 2003; Berridge and O’Neill, 2001;
Espana et al., 2001; Thakkar et al., 2001). As defined in
these studies, these regions are relatively large and ana-
tomically complex. Thus, the region defined as the MSA
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and identified as being sensitive to the wake-promoting
actions of NE and hypocretin encompasses the medial
septum, the vertical limb of the diagonal band of Broca,
the islands of Calleja, and relatively small portions of the
LPO (Swanson, 1998). In the case of the MPOR, NE and
hypocretin promote waking within a region encompassing
the medial preoptic area proper, 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 understanding of the anatomical organization
underlying the wake-promoting actions of NE within
these general basal forebrain regions. As such, these stud-
ies utilized moderately large infusions that resulted in the
distribution of retrograde tracer throughout a substantial
portion of a given region previously identified as being
sensitive to the wake-promoting actions of NE. It remains
for future studies, using more restricted tracer infusions,
to characterize NE efferents to individual subnuclei con-
tained within these general regions.

For FG infusions into the MSA, in some cases infusate
may have encroached on the medial portion of the nucleus
accumbens. However, in two cases in which an FG infu-
sion was made directly into the nucleus accumbens shell
while avoiding more medial structures including the me-
dial septum and NDB, low levels of retrograde labeling
were observed within the LC and higher levels within the
regions of the Al and A2. This pattern is quite distinct
from that observed following tracer infusion into the MSA.
Thus, it does not appear that uptake of retrograde tracer
from either shell or core subregions of the nucleus accum-
bens contributed substantially to the labeling of hypocre-
tin neurons observed following infusions into the MSA. In
the case of the MPOR, all infusions were concentrated
within the medial portions of this general region with
little or no diffusion into the bed nucleus of the stria
terminalis or LPO. Comparable patterns and density of
labeling were observed following infusions into medial,
lateral, dorsal, and ventral portions of the general region
of the MPOR. Infusions that targeted the SI were well
contained within the borders of this region and did not
result in diffusion outside of the SI region. Nevertheless,
in two cases, infusions of FG were made within the ventral
portion of the SI that resulted in substantial diffusion of
FG into the posterior horizontal limb of the the NDB and
the magnocellular preoptic nucleus. In these two cases,
however, retrograde labeling within the LC appeared to be
indistinguishable from that observed with infusions
placed more dorsally within the SI.

It is generally accepted that FG and CTb, as well as
other retrograde tracers, can be taken up by fibers of
passage, although this appears to be minimal with ionto-
phoretic application compared with pressure injection
(Pieribone and Aston-Jones, 1988). The slightly higher
levels of retrograde labeling observed in the current stud-
ies with CTb pressure ejection versus FG iontophoretic
ejection may, in part, reflect variations in the degree to
which these tracers were taken up by fibers of passage.
However, the fact that both qualitatively and quantita-
tively similar patterns of retrograde labeling were ob-
served with iontophoretic and pressure ejection of tracers
suggests that results obtained in the present study accu-
rately reflect the pattern of LC efferents to these basal
forebrain regions.
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Functional implications

The regulation of both forebrain neuronal activity state
and behavioral state involves a large array of brainstem
and forebrain systems. Included within these systems are
noradrenergic efferents innervating the MSA, MPOR, and
SI. The current studies suggest that the LC is the primary
source of noradrenergic innervation of these basal fore-
brain regions, although the dorsal and ventrolateral med-
ullary adrenergic/noradrenergic nuclei (A1/C1, A2/C2)
provide a moderate-to-substantial contribution to this in-
nervation (particularly in the case of the MPOR). The L.C
plays a critical role in a wide array of perceptual, cogni-
tive, and affective processes (for review, see Berridge and
Waterhouse, 2003). These diverse actions of the LC-
noradrenergic system involve actions of NE within multi-
ple cortical and subcortical regions. Previous studies indi-
cate that LLC neurons projecting to cortical vs. subcortical
structures are distributed differentially within the nu-
cleus.

In contrast, basal forebrain-projecting LC neurons were
largely distributed uniformly within the LC. These obser-
vations suggest that subpopulations of LLC neurons that
target distinct terminal fields, and thus may represent
functionally distinct subpopulations, will nonetheless im-
pact similarly on these three arousal-related basal fore-
brain regions. This could ensure coordinated regulation of
behavioral state with a diversity of LC-modulated state-
dependent processes. Moreover, the collateralization of LC
neurons across these basal forebrain regions ensures that
alterations in LC discharge are conveyed simultaneously
to these three regions. Combined, these observations sug-
gest that LC efferents are organized to permit
coordinated/simultaneous actions across multiple ana-
tomically distinct, yet functionally related (e.g., arousal-
related), basal forebrain fields.

A prominent difference between the SI and both the
MSA and MPOR is that the SI is relatively insensitive to
the wake-promoting actions of NE and NE agonists (Ber-
ridge and O’Neill, 2001). Nonetheless, the SI exerts a
robust modulatory influence over forebrain neuronal ac-
tivity state (Buzsaki et al., 1988; Metherate et al., 1992).
Moreover, in vitro, NE depolarizes cholinergic basal fore-
brain neurons, indicating a neuromodulatory role of NE
within the SI (Fort et al., 1995). To date, the behavioral/
cognitive functions of NE within the SI remain to be
elucidated. However, evidence indicates a role of the SI in
state-dependent attentional processes (for review, see
Sarter and Bruno, 1999). Thus, NE, released from LC
neurons, may act within the SI to modulate state-
dependent cognitive processes, such as attention (for re-
view, see Sarter and Bruno, 1999). The high degree of
collateralization across the MSA, MPOR, and SI permits
the LC to simultaneously modulate behavioral state while
modulating SI-dependent behavioral and physiological
processes.
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