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ABSTRACT
The central adrenergic neurons have been suggested to play a role in the regulation of
arousal and in the neuronal control of the cardiovascular system. To provide morphological
evidence that these functions could be mediated via the basal forebrain, we performed
correlated light and electron microscopic double-immunolabeling experiments using antibodies against phenylethanolamine N-methyltransferase (PNMT) and choline acetyltransferase,
the synthesizing enzymes for adrenaline and acetylcholine, respectively. Most adrenergic/
cholinergic appositions were located in the horizontal limb of diagonal band of Broca, within
the substantia innominata, and in a narrow band bordering the substantia innominata and
the globus pallidus. Quantitative analysis indicated that cholinergic neurons of the substantia innominata receive significantly higher numbers of adrenergic appositions than cholinergic cells in the rest of the basal forebrain. In the majority of cases, the ultrastructural
analysis revealed axodendritic asymmetric synapses. By comparing the number and distribution of dopamine beta-hydroxylase (DBH)/cholinergic appositions, described earlier, with
those of PNMT/cholinergic interactions in the basal forebrain, it can be concluded that a
significant proportion of putative DBH/cholinergic contacts may represent adrenergic input.
Our results support the hypothesis that the adrenergic/cholinergic link in the basal forebrain
may represent a critical component of a central network coordinating autonomic regulation
with cortical activation. J. Comp. Neurol. 449:141–157, 2002. © 2002 Wiley-Liss, Inc.
Indexing terms: adrenaline; acetylcholine; immunohistochemistry; electron microscopy; cortical
activation; emotional arousal

The neurons that belong to the central adrenergic system are dispersed in the brainstem reticular formation
and are arranged in three loose cell groups designated as
C1, C2, and C3 (Hökfelt et al., 1974, 1984; Armstrong et
al., 1982; Ruggiero et al., 1985; Milner et al., 1989b). The
C1 and C2 groups are frequently characterized as rostral
extensions of the A1 and A2 noradrenergic nuclei in the
ventrolateral medulla and in the nucleus of the solitary
tract, respectively. The cells of the C3 group are distributed along the fibers of the medial longitudinal fascicle,
largely corresponding to the area of the nucleus prepositus
hypoglossi in the dorsomedial medulla. Adrenergic axons
innervate the intermediolateral column of the spinal cord
© 2002 WILEY-LISS, INC.

(Tucker et al., 1987; Carlton et al., 1991), several brainstem as well as limbic forebrain nuclei that participate in
autonomic and/or neuroendocrine regulation (see, e.g.,
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Saper, 1995). In the initial description of the central adrenergic system (Hökfelt et al., 1974), it was suggested
that adrenaline may play a role in the regulation of sleepwakefulness and arousal. Because there are no
adrenaline-containing terminals innervating cortical areas, the central adrenergic control of cortical activation
should be indirect, mediated by established arousal centers. Indeed, it is well documented that adrenergic fibers
innervate noradrenergic neurons of the locus ceruleus
(Milner et al., 1989a,b; Van Bockstaele et al., 1996). Adrenergic terminals have also been described in the dorsal
and median raphe nuclei (Hökfelt et al., 1984), which are
among the areas found to regulate arousal and sleepwakefulness (Halliday et al., 1995; Aston-Jones et al.,
2000).
Another possible site of action where adrenaline could
exert its effect on cortical activity is the basal forebrain
(BF) cholinergic system, one of the key components of the
arousal network of the brain. The rat cholinergic BF comprises several territories closely associated with the medial and basal surfaces of the cerebral hemispheres (for
reviews see Detari et al., 1999; Jones and Muhlethaler,
1999; Zaborszky et al., 1999). These areas include the
medial septum, vertical (VDB) and horizontal (HDB)
limbs of the diagonal band of Broca, substantia innominata, bed nucleus of stria terminalis (BST), and pallidal
regions, including the globus pallidus and ventral pallidum. These areas are richly populated by cholinergic,
␥-aminobutyric acid (GABA)-ergic, and peptidergic neurons (Zaborszky et al., 1999) that are intermingled with
fiber bundles of several ascending and descending neuronal pathways. The BF neurons serve as projection cells
innervating the entire cortical mantle, the amygdala, and
the hippocampus and/or as interneurons forming the complicated circuits underlying local information processing
(Zaborszky and Duque, 2000). Since the discovery in the
late 1970s that Alzheimer’s disease is characterized by a
severe decline of cholinergic activity in the forebrain (see,
e.g., Dringenberg, 2000), the BF cholinergic system has
been at the center of scientific attention. During the past
decades, countless studies have provided evidence that BF
neurons are implicated in arousal, sleep-wakefulness, sensory processing, attention, learning and memory, and motivation (Everitt and Robbins, 1997; Sarter and Bruno,
2000). It has also become widely accepted (Muir, 1997)
that the derailment of the BF cholinergic system can play
a role in the pathomechanisms of other neurodegenerative
and neuropsychiatric disorders, such as Parkinson’s disease (Jellinger, 1990) and schizophrenia (Sarter and
Bruno, 1999). In addition, accumulating evidence suggests
the participation of the BF cholinergic system in autonomic regulation, especially in cardiovascular control
(Berntson et al., 1998; Takahashi et al., 2001), however, it
is still unresolved how the viscerosensory information is
conveyed to the BF.
Previous studies have described significant dopaminergic and noradrenergic input to BF cholinergic neurons
both in rat (Milner, 1991; Gaykema and Zaborszky, 1996;
Zaborszky and Cullinan, 1996; Rodrigo et al., 1998) and in
primates (Smiley and Mesulam, 1999; Smiley et al., 1999).
With regard to adrenaline, earlier biochemical studies
(Palkovits and Brownstein, 1988) have provided evidence
that both adrenaline and its biosynthetic enzyme, phenylethanolamine N-methyltransferase (PNMT), are undetectable in the majority of BF areas. Even in territories
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such as the septum, HDB, and BST, where adrenaline and
PNMT were detected, the concentration of adrenaline did
not exceed 10% that of noradrenaline. Despite these biochemical data, morphological studies have repeatedly
highlighted the widespread existence of PNMT-containing
fibers in BF areas both at light and electron microscopic
levels (Chang and Kuo, 1989; Phelix et al., 1992; Rodrigo
et al., 1998). Tract-tracing experiments have suggested
that the adrenergic input to BF originates in the C1–C2
adrenergic cell groups of the brainstem (Semba et al.,
1988; Zagon et al., 1994). Nevertheless, morphological
studies have concluded that the vast majority of catecholaminergic fibers innervating BF areas contains dopamine and/or noradrenaline. Along these lines, electrophysiological and pharmacological experiments have
primarily studied the effects of dopamine (Momiyama and
Sim, 1996) and noradrenaline (Fort et al., 1995) on BF
neurons. As a result, it is still unresolved whether the
central adrenergic system has any direct physiological
influence on the BF. To address the morphological aspects
of this issue and to determine the significance of the adrenergic innervation of BF cholinergic neurons compared
with that of noradrenaline, we performed a series of light
and electron microscopic double-immunolabeling experiments in the rat brain.

MATERIALS AND METHODS
Animals, fixation, and section preparation
Male Sprague-Dawley rats (n ⫽ 6; Zivic Miller, Portersville, PA) weighing 275–300 g were kept under standard
environmental conditions and given ad libitum access to
water and rat chow. All procedures were carried out in
compliance with the National Institutes of Health guidelines for the care and use of animals in research and
approved by the Rutgers University Institutional Review
Board. Rats were deeply anesthetized with urethane [25%
urethane (Sigma, St. Louis, MO) in saline, 0.55 ml/100 g
body weight, administered intraperitoneally] and were
perfused transcardially with 50 ml of phosphate-buffered
saline (PBS; 85 mM sodium phosphate dibasic, 15 mM
sodium phosphate monobasic, 85.6 mM sodium chloride,
2.1 mM magnesium chloride, pH 7.55–7.65), followed by a
100 ml mixture of 4% acrolein (Acros Organics, Geel,
Belgium) and 2% paraformaldehyde (PFA; Electron Microscopy Sciences, Fort Washington, PA) and finally 200
ml of 2% PFA alone. Subsequently, the brains were removed and postfixed in 4% PFA at 4°C overnight. All
fixatives mentioned above were diluted in PBS. By using
2% agar (Amresco, Solon, OH) as a supporting medium,
tissue blocks containing cholinergic BF territories were
mounted. The blocks were cut into six series of 50-mthick coronal sections on a vibratome, and the sections
were collected in PBS.

Light microscopic immunohistochemistry
and analysis
Three animals were used for light microscopic immunohistochemistry. All the treatments described below were
carried out at room temperature unless otherwise specified. After rinses in PBS (2 ⫻ 15 minutes), groups of
sections were treated with sodium borohydride [1% sodium borohydride (Sigma) in PBS, 20 minutes] followed by
a thorough rinse in PBS again (3 ⫻ 15 minutes). Before
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incubation in antibody solutions, the sections were treated
with normal serum [2% normal donkey serum (Jackson
Immunoresearch Laboratories, West Grove, PA) in PBS,
30 minutes] to prevent nonspecific antibody binding.
PNMT/choline acetyltransferase (ChAT) double immunoperoxidase labeling. For simultaneous immunoperoxidase labeling of PNMT and ChAT, the synthesizing
enzymes for adrenaline and acetylcholine, respectively,
three series of sections, each taken from a separate brain,
were incubated for 2 days in a mixture containing the
primary antibodies against both PNMT (polyclonal rabbit
anti-PNMT, kindly donated by M.C. Bohn; 1:10,000) and
ChAT [polyclonal sheep anti-ChAT (Chemicon, Temecula,
CA), 1:20,000] dissolved in an antibody diluent [0.1%
thimerosal (Sigma), 0.5% Triton X-100 (Sigma), and 2%
normal rat serum (Jackson Immunoresearch Laboratories) in PBS]. The specificity of the PNMT antiserum was
described earlier (Bohn et al., 1987). To visualize PNMTpositive structures, biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA; 1:500 in the antibody
diluent, overnight) was applied to the sections, followed by
the Vectastain peroxidase ABC (Vector Laboratories;
1:500 in PBS, 2 hours). Between each incubation step, the
sections were rinsed in PBS for 2 ⫻ 15 minutes. Prior to
development, 2 ⫻ 15 minute rinses in Tris-buffered saline
[TBS: 38.5 mM Trizma hydrochloride (Sigma), 11.5 mM
Trizma base (Sigma), 154 mM sodium chloride, 0.01%
thimerosal, pH 7.60) were utilized to increase pH stability.
The peroxidase reaction was carried out using the nickelenhanced diaminobenzidine (NiDAB) chromogen [20 –30
minutes incubation in a developer solution containing 0.4
mg/ml 3,3⬘-diaminobenzidine tetrahydrochloride (DAB;
Sigma), 0.4 mg/ml nickel ammonium sulfate (Fisher Scientific, Pittsburgh, PA), 0.4 mg/ml ammonium chloride
(Fisher Scientific), and 0.0006% hydrogen peroxide dissolved in TBS] that revealed adrenergic fibers in black. To
reduce background and prevent any possible crossreaction during the subsequent immunocytochemical procedures, the sections were treated in hydrogen peroxide
(1% hydrogen peroxide in PBS, 10 minutes), followed first
by the A and then the B component of the avidin/biotin
blocking kit (Vector Laboratories; 1:25 each in PBS, 30
minutes each), with 2 ⫻ 15 minute rinses in PBS between
each step. The NiDAB precipitate was silver-gold intensified as described earlier (Liposits et al., 1984), but the
thyoglycolic acid pretreatment was omitted from the protocol.
To visualize ChAT-positive structures, the sections already labeled for PNMT underwent further immunohistochemical processing. The sections were incubated in
biotinylated donkey anti-sheep IgG (Jackson Immunoresearch Laboratories; 1:500 in the antibody diluent, overnight) followed by the Vectastain peroxidase ABC (1:500
in PBS, 2 hours). The tissue then went through the biotintyramide (BT) amplification procedure carried out as follows: First, the sections were rinsed in TBS for 2 ⫻ 15
minutes, then incubated at 37°C for 30 minutes in the
amplifier solution containing 0.2% tween 20 (Amresco),
0.0006% hydrogen peroxide, and the BT stock solution at
a dilution of 1:1,000 in TBS. The BT stock solution was
prepared in advance as described previously (Adams,
1992) and stored in aliquots at –20°C. Following a brief
rinse in PBS (2 ⫻ 15 minutes), the tissue was reincubated
in the Vectastain peroxidase ABC (1:500 in PBS, 2 hours).
The peroxidase reaction was then carried out using a
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developer solution containing 0.4 mg/ml DAB and
0.0006% hydrogen peroxide dissolved in TBS that resulted
in the development of brown deposits in cholinergic profiles. The sections were mounted onto glass microscope
slides from elvanol [0.3% polyvinyl alcohol 70,000 (Sigma),
30 mM ammonium acetate (Sigma), and 0.1% sodium
azide], air dried overnight, cleared in xylenes (Fisher Scientific; 2 ⫻ 10 minutes), and coverslipped with DPX (Electron Microscopy Sciences).
Controls. To test for the possibility of cross-reaction
between immunoreagents in the double-labeling experiments, separate series of sections were processed in the
full immunohistochemical sequence with one or both primary antibodies replaced with the antibody diluent. Evidence of cross-reactivity was never encountered in these
experiments.
Light microscopy, mapping, and quantitative analysis. Sections doubly labeled for PNMT/ChAT were analyzed under a Zeiss Axioskop light microscope, and images were captured using a Zeiss Axiocam digital camera.
For the mapping and quantitative analysis of putative
contact sites between adrenergic boutons and cholinergic
neuronal profiles, a computer-controlled microscope (Zeiss
Axioskop) equipped with the Neurolucida software (MicroBrightField, Inc., Colchester, VT) was used. By screening
with the 100⫻ oil-immersion lens, ChAT-immunoreactive
cell bodies and adrenergic/cholinergic appositions were
mapped in sections from six different rostrocaudal levels
of a representative brain. For quantitative analysis, numbers of cholinergic perikarya and adrenergic/cholinergic
appositions were obtained from maps of sections from
three brains at three different rostrocaudal levels of the
BF. Appositions were mapped and counted only if they
qualified for electron microscopic analysis, i.e., side-to-side
contacts with both the adrenergic bouton and the cholinergic profile strictly in the same focal plane, with no discernible gap between the structures. In addition, a clearly
identifiable preterminal axon connected to the varicosity
had to be present. Profiles mapped and counted as cholinergic cell bodies were ChAT-immunoreactive perikarya
with clearly recognizable cell nucleus.
To determine whether there are any differences in the
distribution patterns of adrenergic/cholinergic appositions
across BF territories, statistical analysis was used based
on data obtained from the Neurolucida mappings. A hypothetical distribution pattern of adrenergic/cholinergic
appositions was established based on the null hypothesis
that the appositions are distributed homogeneously on BF
cholinergic neurons across the entire extent of the BF. To
construct this hypothetical pattern, a ratio of PNMT/
ChAT appositions per cholinergic cell body was computed
by dividing the total number of appositions by the total
number of ChAT-immunoreactive cell bodies for each
brain. The numbers of cholinergic neurons in individual
BF areas were then multiplied by this ratio to arrive at the
hypothetical amount of appositions in case of homogeneous distribution. The Student’s t-test was finally used to
determine whether there were any significant differences
between the hypothetical homogeneous and the actual
distribution patterns.

Immunohistochemistry for electron
microscopy and analysis
The sections selected for electron microscopic analysis
were doubly immunostained for PNMT and ChAT in gen-
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Figure 1
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erally the same way as for light microscopic immunoperoxidase labeling, although the preservation of ultrastructural details required some modifications. For this
purpose, the Triton X-100 was completely omitted from all
solutions. Instead, before treatment in normal serum, the
tissue was cryoprotected in 30% sucrose overnight at 4°C
then the sections were freeze-thawed sequentially three
times in liquid nitrogen fumes. Furthermore, incubations
in primary and secondary antibodies were carried out at
4°C. The double-immunostained sections were osmicated
[1% osmium tetroxide (Electron Microscopy Sciences) in
PBS, 40 minutes] and then dehydrated in an ascending
series of ethanol (30 –50 –70 –90 –100%). For contrasting,
the tissue was treated with uranyl acetate [1% uranyl
acetate (Electron Microscopy Sciences) added to the 70%
ethanol, 30 minutes]. After treatment with propylene oxide (Electron Microscopy Sciences; 2 ⫻ 3 minutes), the
sections were soaked in durcupan (Fluka Chemie AG,
Buchs, Switzerland; overnight) then flat embedded between liquid release agent-pretreated (Electron Microscopy Sciences) microscope glass slides and coverslips.
Side-to-side contacts between adrenergic boutons and cholinergic profiles, suggestive of synaptic input, were selected under the light microscope. The selected structures
were photodocumented using a Zeiss Axiocam digital camera. Small tissue pieces containing the selected appositions were cut out and mounted onto blank durcupan
blocks. Ribbons of ultrathin sections were cut on a
Reichert Ultracut E ultramicrotome and picked up onto
formvar-coated (Electron Microscopy Sciences) single-slot
grids. The ultrathin sections were analyzed on a Philips
Tecnai 12 transmission electron microscope, and pictures
were either captured using a Gatan BioScan digital camera or taken on sheet films. The sheet films were then
digitized using a Mikrotek Scanmaker 4 scanner.

Fig. 1. Low-power photomicrographs (a– c), taken from doubleimmunostained coronal sections of the rat brain, demonstrate the
dorsal (a) and ventral (b) parts of the septal complex and the horizontal limb of diagonal band of Broca (HDB; c). High-power micrographs
(d–f) demonstrate putative adrenergic/cholinergic interaction sites. a:
In the dorsal part of the septal complex, a phenylethanolamine
N-methyltransferase (PNMT)-positive fiber network (arrows) occupies a position laterodorsal to the cholinergic cell bodies of the medial
septum (MS). Some scattered adrenergic axons (arrowhead) approach
choline acetyltransferase (ChAT)-positive profiles. Dots represent the
midline. b: An especially rich PNMT-positive fiber network is visible
in the organum vasculosum of the lamina terminalis (OVLT). Some
mediolaterally running axons seem to emanate from this network
(arrowheads) on their course beneath the ventral part of the vertical
limb of diagonal band of Broca (VDB) toward the HDB. c: Mediolaterally running PNMT-positive fibers are distributed along both the
ventral (solid arrows) and dorsal (open arrow) borders of the HDB.
From this network, perpendicular side branches originate (arrowheads) and approach neighboring cholinergic neurons. The territory
in the rectangle is enlarged in d. d–f: High-power photomicrographs
showing representative adrenergic/cholinergic appositions taken from
the HDB. In d, both the thick (solid arrows) and the thin (open arrows)
types of adrenergic axons are visible. The open arrowhead in e points
to a varicosity on a thin-type of adrenergic axon in close apposition to
a ChAT-positive profile that is also contacted by large varicosites
(solid arrowheads). g: Scattered cholinergic neurons (arrowheads)
positioned dorsolateral to the hypothalamic supraoptic nucleus (SON)
are embedded in a rich PNMT-positive fiber network. ox, Optic chiasma. Scale bars ⫽ 50 m in a– c,g, 10 m in d–f.

145

Digital image processing
When it was necessary, contrast and lightness were
adjusted on digitally produced pictures. All groups of pictures were assembled and lettering was added using
Adobe PhotoShop 4.0. The figures were printed with a
Tektronix Phaser 740 color laser printer.

RESULTS
Distribution of PNMT-positive fibers/
terminals in relation to cholinergic neurons
General morphological characteristics of adrenergic
fibers in the BF. PNMT-positive fibers could be seen in
BF areas in two varieties. One type of PNMTimmunoreactive axons was thick [0.5–1 m in diameter
(D)], with few large varicosities (D ⫽ 2 m), long intervaricose segments, and infrequent short side branches
5–20 m in length (Figs. 1d, 2d, solid arrows). These fibers
were easily traced for relatively long distances (300 – 400
m). In addition to these thick fibers, thin adrenergic
axons were observed in BF regions. Along most of their
course, they possessed small varicosities (D ⬍ 1 m), with
shorter intervaricose segments, but occasional large (D ⫽
2 m) boutons were also visible (Figs. 1d, 2d, open arrows). In some areas (BST, substantia innominata, Fig.
2a,c,e), fibers of both thin and thick types coalesced into a
meshwork of terminal arborization containing assorted
varicosities. In some cases, thin axons were encountered
as they originated from thick fibers.
Medial septum/vertical limb of the diagonal band of
Broca (septal complex). In the dorsal part of the septal
complex, a PNMT-positive fiber network was found to
occupy a position laterodorsal to the bulk of cholinergic
cell bodies (Fig. 1a, arrows). However, some scattered
adrenergic axons were observed as they approached
ChAT-positive profiles along the lateral border of the medial septum (Fig. 1a, arrowhead). Around the ventral part
of the VDB where it bends into the HDB, an especially rich
network of PNMT-immunoreactive fibers was visible. In
this region, a few adrenergic varicosities appeared to be
closely associated with cholinergic profiles (Fig. 1b).
Horizontal limb of the diagonal band of Broca.
PNMT-containing fibers were found to accumulate along
the borders of HDB, running mediolaterally close to the
basal surface of the brain (Fig. 1c, solid arrows) and adjacent to the ventral pallidum and substantia innominata
(Fig. 1c, open arrow). Adrenergic axons in the medial part
of HDB appeared to originate from a rich network around
the organum vasculosum of the lamina terminalis and
pass beneath the ventral part of the VDB (Fig. 1b, arrowheads). From the borders, the mediolaterally running
PNMT-positive axons gave rise to perpendicular side
branches (Fig. 1c, arrowheads) that approached neighboring cholinergic neurons (Fig. 1d–f, arrowheads). Caudally,
close to the ventromedial border of the HDB, cholinergic
neurons closely associated with the supraoptic nucleus
(SON) were embedded in a relatively rich network of adrenergic axons (Fig. 1g, arrowheads).
Ventral pallidum. In the ventral pallidum (not
shown), both PNMT-positive fibers and cholinergic structures were scarce. However, sparse to moderate amounts
of adrenergic axons were observed ventromedially along
the border to the HDB and dorsomedially near the border
to the BST.
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Figure 2
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Globus pallidus and internal capsule. The globus
pallidus (not shown) contained moderate amounts of
PNMT-positive fibers at its ventral and ventromedial borders near the internal capsule. Within the internal capsule (not shown), many adrenergic fibers of passage were
observed heading between the BST and the substantia
innominata. Occasionally, these axons gave rise to terminal boutons that established close contacts with neighboring cholinergic profiles.
BST. Despite the massive adrenergic innervation of
the BST, the adrenergic/cholinergic interaction sites encountered here were very infrequent because of the low
numbers of cholinergic profiles (Fig. 2a,b).
Substantia innominata. A rich network of PNMTimmunoreactive axons was observed throughout the rostrocaudal extent of the substantia innominata. Within a
characteristic area of a cholinergic cell cluster (Fig. 2c) as
well as in the caudalmost part of the substantia innominata (Fig. 2e), both adrenergic fibers and ChATimmunoreactive neurons appeared to accumulate. In
these territories, PNMT-positive axons were aligned in
parallel with and wrapped around bundles of cholinergic
dendrites, and numerous close associations (Fig. 2d,f, solid
and open arrowheads) were encountered. Although fine
adrenergic fibers occasionally climbed around thin ChATpositive dendrites, most contacts were individual established by en passant boutons as their intervaricose segments crossed over the cholinergic profiles.

Distribution and quantitative analysis of
PNMT/ChAT appositions
The schematic drawings in Figure 3 illustrate the distribution pattern of PNMT-positive varicosities in close
apposition to cholinergic profiles at six different rostrocaudal levels of a representative brain. The adrenergic/
cholinergic appositions showed an uneven distribution
across different BF structures. Preferential distribution
sites were in the ventral part of HDB (Fig. 3a– d), within
the cholinergic cell cluster of the substantia innominata
(Fig. 3d, rectangle), and in a narrow band bordering the
substantia innominata from the globus pallidus and inter-

Fig. 2. Low-power photomicrographs (a,c,e), taken from doubleimmunostained coronal sections of the rat brain, demonstrate the
lateral part of the bed nucleus of stria terminalis (BST; a) and the
rostral (c) and caudal (e) substantia innominata (SI). High-power
micrographs (b,d,f) are enlargements from their low-power counterparts demonstrating adrenergic/cholinergic appositions. a: In the
BST, a single cholinergic neuron is embedded in a rich meshwork of
phenylethanolamine N-methyltransferase (PNMT)-positive fibers.
The arrowhead points to a putative contact that is enlarged in b. ic,
Internal capsule. b: An adrenergic/cholinergic apposition (arrowhead)
enlarged from a. c: Part of the rostral SI, as indicated by the rectangle
in Figure 3d. A characteristic cluster of cholinergic neurons receives a
heavy supply of PNMT-positive fibers. d: Enlargement from c. For
orientation, the asterisks in both c and d label the same vessel.
Cholinergic neuronal elements are embedded in a network containing
both thick (solid arrows) and thin (open arrows) types of adrenergic
axons. Examples of putative contacts established by large (solid arrowhead) and small (open arrowheads) boutons are shown. e: In the
caudal SI, scattered choline acetyltransferase (ChAT)-positive neurons are surrounded by adrenergic fibers. The solid arrow points to a
cholinergic neuron that is enlarged in f. f: Enlargement from e. A
fusiform ChAT-positive cell is contacted by a large adrenergic bouton
(arrowhead). Scale bars ⫽ 50 m in a,c,e, 10 m in b,d,f.

Fig. 3. a–f: Schematic drawings illustrating the distribution pattern of phenylethanolamine N-methyltransferase (PNMT)-positive
varicosities in close apposition to cholinergic profiles at six different
rostrocaudal levels of the rat basal forebrain. Red spots represent
adrenergic/cholinergic appositions; black dots represent cholinergic
perikarya. The rectangle in d indicates the territory in Figure 2c. 3V,
3rd ventricle; ac, anterior comissure; AcbC, nucleus accumbens, core;
AcbSh, nucleus accumbens, shell; BLA, basolateral amygdaloid nucleus; BST, bed nucleus of stria terminalis; CA1–CA3, fields CA1–CA3
of hippocampus; cc, corpus callosum; CPu, caudate putamen; D3V,
dorsal 3rd ventricle; DG, dentate gyrus; f, fornix; fi, fimbria of hippocampus; GP, globus pallidus; HDB, horizontal limb of diagonal
band of Broca; ic, internal capsule; lo, lateral olfactory tract; LV,
lateral ventricle; MS, medial septum; opt, optic tract; ox, optic chiasma; PVH, paraventricular nucleus of hypothalamus; SI, substantia
innominata; sm, stria medullaris; st, stria terminalis; Th, thalamus;
VP, ventral pallidum.

nal capsule (Fig. 3e,f). Most appositions were found in the
substantia innominata (51%), followed by the HDB (30%).
The remaining BF structures together contained 19% of
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TABLE 1. Quantitative Data Obtained From the Neurolucida Mappings1

Number of cholinergic cell bodies
000312
00058
00059
Number of PNMT/ChAT
appositions
00031
00058
00059

MS/
VDB

HDB

248
164
174

6
6
13

GP VP

ic

SI

Total

247
347
356

130
107
118

58
48
86

51
32
72

115
145
151

849
843
957

40
61
57

22
18
5

8
3
11

2
2
2

73
95
103

151
185
191

1

ChAT, choline acetyltransferase; GP, globus pallidus; HDB, horizontal limb of diagonal band of Broca; ic, internal capsule; MS/VDB, septal complex; PNMT, phenylethanolamine N-methyltransferase; SI, substantia innominta; VP, ventral pallidum.
2
00031, 00058, and 00059 are case numbers of the three brains on which the mapping
was performed.

all appositions (Table 1). By comparing a hypothetical
homogeneous distribution of PNMT/ChAT appositions
with the actual pattern, the analysis (Fig. 4) demonstrated that the number of adrenergic appositions was
significantly (P ⱕ 0.05) higher in the substantia innominata than it should be in the case of homogeneous distribution (an average of 90.3 actual appositions vs. 27.5
appositions for homogeneous distribution). On the other
hand, the septal complex contained significantly fewer
appositions (8.3 vs. 38.3), and the significance of this difference was even stronger (P ⱕ 0.01). The numbers of
appositions in all of the remaining areas were not significantly different from those of the hypothetical homogeneous distribution.

Ultrastructural characteristics of PNMT/
ChAT relations
In our correlated light and electron microscopic studies,
DAB was used to label cholinergic neurons and the silvergold-intensified NiDAB to stain PNMT-positive structures. At the light microscopic level, adrenergic fibers and
terminals appeared in black and were easily differentiated
from ChAT-positive elements that were revealed by brown
deposits of DAB. This color difference persisted after osmication and plastic embedding of the sections. Furthermore, the presence of the highly electron-dense silver-gold
grains in the PNMT-positive structures made the electron
microscopic identification of adrenergic profiles obvious.
In total 16 individual PNMT-immunoreactive varicosities, closely associated with cholinergic profiles, were randomly selected for ultrastructural analysis. Ten appositions were classified as axodendritic, involving either
proximal or distal cholinergic dendrites. During the ultrastructural analysis, eight of them were confirmed as synaptic. All of these axodendritic synapses were of the asymmetric type, with clear and prominent postsynaptic
densities (Figs. 5, 6). The remaining six selected boutons
were located adjacent to cholinergic cell bodies, but only
one of them was confirmed as synaptic. Figure 7 demonstrates that this identified axosomatic synapse is of the
symmetric type. In the other cases, either the identification of synapses was precluded by the presence of dense
immunoprecipitate at the contact sites or the ultrastructural investigation revealed intervening glial processes
between PNMT-positive varicosities and cholinergic profiles. In some cases, adrenergic boutons were observed as
they established synaptic contacts with chemically unidentified neuronal profiles in the BF.

Fig. 4. Quantitative analysis of the distribution of adrenergic/
cholinergic appositions in the rat basal forebrain based on data obtained from the neurolucida mappings (Fig. 3, Table 1). Open columns
represent the null hypothesis as average numbers of appositions in
each territory, as it would be in case of hypothetical homogeneous
distribution; solid columns show the averages of actual numbers. As
indicated by the asterisks, the differences between homogeneous and
actual distributions are significant in the septal complex and in the
SI. Bars represent standard deviation. ChAT, choline acetyltransferase; GP, globus pallidus; HDB, horizontal limb of diagonal band of
Broca; ic, internal capsule; MS/VDB, septal complex; PNMT, phenylethanolamine N-methyltransferase; SI, substantia innominata;
VP, ventral pallidum.

DISCUSSION
The results of this study demonstrate for the first time
that PNMT-containing, adrenergic axons establish synaptic contacts with cholinergic neurons in the BF. By using
the present strategy of mapping potential contact sites
with high-resolution light microscopy, our study suggests
that adrenergic axons approach cholinergic neurons in
extensive portions of the BF. The quantitative analysis
indicates that adrenergic/cholinergic interaction sites are
heterogeneously distributed: The ChAT-immunoreactive
neurons of the substantia innominata receive significantly
more adrenergic input than other cholinergic cells in the
rest of the BF. In agreement with published data from the
locus ceruleus and intermediolateral column of the spinal
cord (Milner et al., 1989a,b; Van Bockstaele et al., 1996),
PNMT-immunoreactive terminals rarely establish synapses with cholinergic perikarya in the BF. Most of the
synapses are on proximal dendrites, and, in most cases,
the synapses can be classified as asymmetric.

Adrenergic vs. noradrenergic input to BF
cholinergic neurons
In previous studies, the immunohistochemical identification of dopamine beta-hydroxylase (DBH) has been used
to describe noradrenergic input to the BF (Chang and
Kuo, 1989; Milner, 1991; Phelix et al., 1992; Zaborszky et
al., 1993; Milner et al., 1995; Zaborszky and Cullinan,
1996; Milner and Prince, 1998; Rodrigo et al., 1998; Smiley and Mesulam, 1999; Smiley et al., 1999); however,
DBH-positive neuronal elements include both noradrenergic and adrenergic structures (Hökfelt et al., 1984),
which renders DBH an imperfect marker for noradrenergic terminals. On the other hand, PNMT immunoreactiv-

Fig. 5. Composite picture demonstrating the correlated light and
electron microscopic analysis of an axodendritic, asymmetric-type
synapse between an adrenergic bouton and a cholinergic dendrite in
the substantia innominata (SI). a: Schematic map of a coronal section
of rat brain at the level of the caudal basal forebrain. In the SI, the
asterisk indicates the position of the neuronal profiles that were
selected for ultrastructural analysis. ACo, anterior cortical amygdaloid nucleus; BLA, basolateral amygdaloid nucleus; CPu, caudate
putamen; f, fornix; GP, globus pallidus; ic, internal capsule; LH,
lateral hypothalamic area; mt, mamillothalamic tract; opt, optic tract.
b: Low-power photomicrograph, taken from a double-immunostained,
resin-embedded coronal section, shows the area labeled by the asterisk in a. The territory in the rectangle contains the selected neuronal
structures that are enlarged in c. c: High-power photomicrograph

demonstrates the area indicated by the rectangle in b. The arrow
points to a large adrenergic varicosity abutting a proximal dendrite of
a cholinergic neuron. Note that the initial segment of the dendrite is
out of focus. d: Low-power electron micrograph correlated to the
micrograph in c. For orientation, the asterisks in both c and d label the
same capillary. The highly electron-dense adrenergic bouton (arrow)
is in direct contact with the cholinergic dendrite (D). As predicted
from the photomicrograph in c, the initial segment of the dendrite is
not visible at this level. Nu, cell nucleus; P, cholinergic perikaryon.
e: High-power electron micrograph reveals that the adrenergic bouton
(B), containing silver-gold grains, forms an asymmetric-type synapse
(arrowheads) with the cholinergic dendrite (D). Scale bars ⫽ 80 m in
b, 8 m in c, 2 m in d, 300 nm in e.
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ity solely represents adrenergic neuronal structures. Because the central adrenergic and noradrenergic systems
participate in different and, to some extent, in the same
functional processes, it is important to know the proportion of DBH/ChAT interaction sites that does represent
real noradrenergic input. By comparing the results of the
present experiment (Fig. 3) with the data obtained from
the previous study on the noradrenergic innervation of BF
cholinergic neurons (Zaborszky and Cullinan, 1996), it
becomes obvious that noradrenergic innervation more
than likely predominates in the septal complex and ventral pallidum; these territories are almost completely devoid of PNMT/ChAT appositions, whereas a notable
amount of DBH/ChAT interaction does exist. With regard
to the HDB, globus pallidus, BST, and substantia innominata, the comparison of the number of PNMT/ChAT interaction sites with that of DBH/ChAT appositions (Zaborszky and Cullinan, 1996) suggests that about 35– 45%
of the putative DBH/ChAT contact sites represent adrenergic input to BF cholinergic neurons.
As a result of the widely accepted notion that the predominant catecholaminergic input to the BF is represented by noradrenergic axons, electrophysiological studies (Fort et al., 1995; Berridge et al., 1996) have focused on
the effects of noradrenaline on BF neurons. Because there
is no affinity difference between adrenaline and noradrenaline for almost all adrenoceptors described to date (Harrison et al., 1991; Bylund et al., 1994; Minneman and
Esbenshade, 1994; Guarino et al., 1996), the differentiation between BF noradrenergic and adrenergic actions
seems to be very challenging. However, the effects of noradrenaline may suggest possible actions of adrenaline. It
has been suggested from several studies (Fort et al., 1995,
1998; Alreja and Liu, 1996) that both cholinergic and
noncholinergic neurons in the BF are affected by noradrenaline via ␣1 and ␤ adrenoceptors. In addition, it has
been reported that acetylcholine release in the prefrontal

Fig. 6. a,b: High-power electron micrographs demonstrate further
representative examples of axodendritic, asymmetric-type synapses
between adrenergic boutons (B) and cholinergic dendritic profiles (D).
The samples were taken from the horizontal limb of diagonal band of
Broca (HDB). Arrowheads point to postsynaptic thickenings. Scale
bars ⫽ 300 nm.

Fig. 7. Composite picture demonstrating the correlated light and
electron microscopic analysis of an axosomatic, symmetric-type synapse between an adrenergic bouton and a cholinergic cell body in the
septal complex. a: Schematic map of a coronal section of rat brain at
the level of the rostral basal forebrain. In the septal complex, the
asterisk indicates the position of the neuronal profiles that were
selected for ultrastructural analysis. 2n, Optic nerve; ac, anterior
comissure; AcbC, nucleus accumbens, core; AcbSh, nucleus accumbens, shell; cc, corpus callosum; CPu, caudate putamen; HDB, horizontal limb of diagonal band of Broca; ICjM, island of Calleja, major
island; lo, lateral olfactory tract; MS, medial septum; VDB, vertical
limb of diagonal band of Broca; VP, ventral pallidum. b: Low-power
photomicrograph, taken from a double-immunostained, plasticembedded coronal section of the rat brain, demonstrates the area
labeled by the asterisk in a. The rectangle highlights the selected
neuronal structures that are enlarged in c. c: High-power photomicrograph of the area indicated by the rectangle in b. The arrow points
to a large adrenergic varicosity in close proximity to a cholinergic
perikaryon. d: Low-power electron micrograph correlated to the micrograph in c. For orientation, the asterisks in both c and d label the
same neighboring cholinergic cell body. The highly electron dense
adrenergic varicosity (arrow) is in direct contact with the cholinergic
cell body identified by the diaminobenzidine (DAB) precipitate. The
area in the rectangle is enlarged at high power in e. Nu, cell nucleus.
e: The adrenergic bouton (B), containing both the electron-dense,
homogeneous nickel-DAB precipitate and the highly electron-dense
silver-gold deposits, establishes symmetric-type synaptic contact (arrowheads) with the cholinergic perikaryon (P). Scale bars ⫽ 80 m in
b, 8 m in c, 1 m in d, 300 nm in e.
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cortex is inhibited by ␣2 receptor activation in the BF
(Acquas et al., 1998; Tellez et al., 1999).
The suggestion from functional experiments that adrenoceptors exist in BF territories has been confirmed in
several histochemical studies. Neurons located in cholinergic BF areas have been shown to express mRNAs for
␣1a, ␣1b, ␣1d, ␣2a, ␣2c, ␤1, and ␤2 adrenoceptors (Asanuma
et al., 1991; McCune et al., 1993; Nicholas et al., 1993a,b;
Pieribone et al., 1994; Scheinin et al., 1994; Day et al.,
1997; Domyancic and Morilak, 1997; Winzer-Serhan et al.,
1997a). Furthermore, radiohistochemical ligand binding
studies (Unnerstall et al., 1985; Boyajian et al., 1987;
Zilles et al., 1991; King et al., 1995; Winzer-Serhan et al.,
1997a,b) have provided evidence for the existence of ␣1,
␣1A, ␣1B, ␣2, ␣2A, and ␣2C adrenoceptor proteins in BF
areas. By means of immunohistochemistry, further evidence has been found for the existence of ␣1B, ␣2A, ␣2C,
and ␤ adrenoceptors in the BF (Wanaka et al., 1989; Aoki
et al., 1994; Rosin et al., 1996; Talley et al., 1996; AcostaMartinez et al., 1999). By comparing the locations of
PNMT/ChAT appositions (Fig. 3) with the rough distribution pattern of the different adrenoceptor subtypes, it can
be hypothesized that, in the HDB and substantia innominata, where the number of appositions is high, the ␣1A,
␣1B, ␣2A, and ␤1 receptors may be involved in adrenergic/
cholinergic interactions. Because cholinergic neurons are
intermingled in BF areas with different types of GABAergic and peptidergic interneurons and/or projection neurons (Zaborszky et al., 1999; Zaborszky and Duque, 2000),
locally applied adrenergic drugs reach not only cholinergic
neurons but other neuronal types as well. As a result,
knowledge of the cellular localization of adrenoceptors in
the BF is of particular importance. Unfortunately, except
for a preliminary study demonstrating ␣2A receptor immunoreactivity in the cytoplasm of BF cholinergic neurons
(Zaborszky et al., 1995), the cellular localization of other
adrenoceptors has yet to be described.

Possible participation of basal forebrain
PNMT/ChAT interactions in autonomic
control
The central adrenergic system has been well known for
decades to be one of the key components of autonomic
regulatory mechanisms. It is involved in the control of the
neuroendocrine system, energy balance, body temperature homeostasis, stress, reproductive behavior, and regulation of the cardiovascular system (see references in
Hökfelt et al., 1974; Saper, 1995). PNMT-immunoreactive
neurons, primarily in the C1 group, display hypovolemiainduced Fos protein expression (Dun et al., 1993; Chan
and Sawchenko, 1994; Ruggiero et al., 1996), suggesting
that adrenergic neurons play an essential role in the pressor response and maintenance of tonic and reflex control of
arterial pressure (Ciriello et al., 1986). Adrenergic axons
from the medullary C1–C2 cell groups may transfer
viscerosensory-related information directly or via the
brainstem parabrachial relay to cholinergic neurons in the
BF (Zaborszky et al., 1991; Saper, 1995). Recently, it has
been shown that lesioning of the rat BF cholinergic system
resulted in the abolition of ␤-carboline-induced cardiovascular responses (Berntson et al., 1998), suggesting the
involvement of the BF cholinergic system in autonomic
regulation. Our quantitative analysis of the distribution of
PNMT/ChAT appositions shows that the adrenergic input
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is biased toward cholinergic neurons in the substantia
innominata (Figs. 3, 4). This territory contains the majority of cholinergic neurons that are known to project (Rye et
al., 1984; Carlsen et al., 1985; Woolf et al., 1991) to areas
involved in autonomic control, including the insular cortex
(Saper, 1982; Ruggiero et al., 1987; Yasui et al., 1991),
medial prefrontal cortex (Neafsey, 1990), and amygdala
(Swanson and Petrowich, 1998; Pitkanen, 2000).
In addition to influencing specific cortical areas, the
adrenergic/cholinergic link in the BF may participate in
autonomic control by modulating hypothalamic neuroendocrine and autonomic networks. Several experiments in
the rat have provided evidence for cholinergic influence on
osmosensitive neurons and vasopressin release in the hypothalamic paraventricular and supraoptic nuclei (Akaishi and Negoro, 1983; Mason, 1985; Michels et al., 1986;
Ota et al., 1992; Okuda et al., 1993; Shioda et al., 1997;
Qadri et al., 1998; Zaninetti et al., 2000) and on body
temperature and water intake regulation in the preopticanterior hypothalamic areas (Takahashi et al., 2001) and
in the lateral hypothalamus (Puig de Parada et al., 1997).
Although the source of cholinergic input to these neuroendocrine and autonomic networks remains to be elucidated
(Sawchenko and Swanson, 1983; Rao et al., 1987; Grove,
1988; Jhamandas et al., 1989; Ruggiero et al., 1990), it is
likely that at least a proportion of this input originates as
collaterals of BF cholinergic neurons that receive PNMT
innervation. For example, it was suggested that the cholinergic input to the SON originates from a cell cluster
located dorsolateral to this nucleus (Meyer and Brownstein, 1980; Mason et al., 1983; Meeker et al., 1988; Theodosis and Mason, 1988). Indeed, cholinergic neurons in the
immediate vicinity of the SON receive a particularly dense
PNMT input (Figs. 1g, 3d).

Role of basal forebrain PNMT/ChAT
interaction in cortical activation
It has been proposed from earlier studies that the central adrenergic system may play a role in the regulation of
sleep-wakefulness and arousal (Hökfelt et al., 1974). More
recently, Foote and coworkers (Berridge et al., 1996; Berridge and Foote, 1996) showed that ␤-receptor stimulation
in the rostral forebrain elicited robust activation of both
cortical and hippocampal electroencephalogram (EEG) in
rats. Atropine pretreatment was sufficient to abolish this
EEG activation, indicating that it is mediated via muscarinic cholinergic mechanisms. The region of effective injection sites in the BF encompassed several structures,
including the medial septum, shell of the nucleus accumbens, ventral pallidum, and rostral part of the substantia
innominata. These areas contain ␤-receptors as well as
DBH/ChAT and also PNMT/ChAT appositions, suggesting
that the central adrenergic system may participate in this
␤-receptor-elicited increase in cortical activity. On the
other hand, infusion of isoproterenol, a ␤-receptor agonist,
into the substantia innominata, an area that is heavily
innervated by PNMT-immunoreactive fibers, failed to
evoke any changes in cortical EEG (Berridge et al., 1996).
In another study, however, it was reported that infusion of
noradrenaline into the substantia innominata facilitated
␥-EEG activity and elicited waking (Cape and Jones,
1998). This, together with previous electrophysiological
results from guinea pig BF slices (Fort et al., 1995), suggests that mainly ␣1 receptors mediate the arousalenhancing effects of both noradrenaline and adrenaline in
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the substantia innominata. These physiological data are
in line with our results in suggesting that the central
adrenergic system can support cortical activation via ␣1
and ␤ adrenoceptors located on cholinergic corticopetal
neurons in the BF.

PNMT/ChAT interactions in processing of
emotional experience and memory

Fig. 8. Highly schematic diagram of “bottom-up” and “top-down”
signals in rodents that are thought to be integrated by basal forebrain
(BF) neurons to coordinate autonomic responses and emotional
arousal. Excitatory input from the ventrolateral medulla (VLM) to the
intermediolateral cell column of the spinal cord (IML), and from there
the sympathetic outflow elicits adrenaline release from the adrenal
medulla. Circulating adrenaline acts on ␤-adrenergic receptors located on vagal afferents (X) projecting to the nucleus of the solitary
tract (NTS). Ascending adrenergic projections (thick lines) from the
medullary C1–C3 cell groups directly to the central amygdaloid nucleus (CEA) and to the BF or indirectly through projections to the
locus ceruleus (LC) activate various adrenergic receptors in forebrain
neurons. Descending inputs from the medial prefrontal (mPFC) and
insular cortices target primarily noncholinergic, including GABAergic, neurons of the BF (Zaborszky et al., 1997). Both the CEA and the
basolateral amygdaloid nucleus (BLA) could transfer additional cortical information to BF neurons. Afferents from the BLA terminate at
least in part on cholinergic neurons (Zaborszky et al., 1984). The
postsynaptic target in the BF for efferents from the CEA (Grove, 1988;
Pare and Smith, 1994) has not been determined. A putative adrenergic link from the NTS to the BF is indicated by thick dashed line.
Interconnections between cortical areas or between BLA and CEA are
omitted for simplicity. PrH, nucleus prepositus hypoglossi. (Ascending adrenergic connections: Semba et al., 1988; Pieribone et al., 1988;
Zardetto-Smith and Gray, 1990, 1995; cortical projections to the
amygdala: Mascagni et al., 1993, Shi and Cassel, 1997; Sun et al.,
1997; descending influences on the adrenals: Bernston and Cacioppo,
2000; adrenaline effect on the vagus nerve: McGaugh et al., 2000).

Functional imaging studies in humans show that several subcortical and cortical structures are engaged in
encoding, expression, and recall of emotions (Rauch et al.,
1996; Zald and Pardo, 1997; Reiman et al., 1997; Taylor et
al., 1998). In spite of differences in the stimuli and tasks,
in addition to the amygdala and prefrontal and insular
cortices, the BF was also found to be among the structures
that showed changes in regional brain activity (Cahill et
al., 1996; Damasio et al., 2000). Extensive evidence suggests that aversive or emotionally arousing experiences
activate the sympathoadrenal system and that the released adrenaline can modulate memory storage (see references in Cahill, 2000; McGaugh et al., 2000). In rodents,
adrenergic influence on memory appears to be initiated by
the activation of peripheral ␤-adrenergic receptors located
on vagal afferents (Schreurs et al. 1986) that project to the
nucleus of the solitary tract (NTS) in the brainstem (for
review see McGaugh et al., 2000). Indeed, enhanced recognition memory in rodents and humans elicited by vagus
nerve stimulation (Clark et al., 1995, 1999) can be attenuated by peripheral ␤ blockers or lesions of the NTS (Williams and McGaugh, 1993). Neurons in the NTS and ventrolateral medulla, activated by vagal input, project both
to the central amygdaloid nucleus and to the substantia
innominata (Ricardo and Koh, 1978; Zagon et al., 1994),
and part of this projection was shown to be adrenergic
(Semba et al., 1988; Zardetto-Smith and Gray, 1990,
1995).
Several lines of evidence suggest that the amygdala and
the BF cholinergic system work in concert to coordinate
cortical functions. For example, the memory-enhancing
effect of posttraining ␤-adrenergic stimulation of the
amygdala is mediated through cholinergic activation
(Introini-Collison et al., 1996; Salinas et al., 1997), and
lesioning of the stria terminals, the major input-output
pathway of the amygdala, attenuates this effect (Liang
and McGaugh, 1983; Liang et al., 1990). Furthermore,
electrical stimulation of the basolateral (Dringenberg and
Vanderwolff, 1996) or central (Kapp et al., 1994) nuclei of
the amygdala elicits EEG activation that is prevented by
inactivation of the substantia innominata or attenuated
by systemic administration of cholinergic antagonists.
Morphological data also support this notion; it is well
known that the amygdala and BF cholinergic neurons are
in reciprocal connection (Zaborszky et al., 1984, 1986;
Carlsen et al., 1985). Cholinergic neurons that project to
the amygdala and to the prefrontal cortex are concentrated in the substantia innominata, where most of the
PNMT/ChAT interaction sites were located. Thus, the reviewed data are compatible with the hypothesis that ascending adrenergic pathways to the BF and to the central
amygdala may represent a critical input in triggering the
neuronal processes that results in an enhancement of
information for emotionally arousing stimuli in cortical
and associated amygdaloid networks. Figure 8 schematically summarizes some of the ascending and descending
inputs to BF neurons that may be involved in the integra-
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tion of emotional and behavioral arousal with autonomic
responses.
In conclusion, we have provided morphological evidence
that adrenergic terminals synapse on cholinergic neurons
of the BF. This innervation is most pronounced in the
substantia innominata, the source of cholinergic input to a
distributed forebrain network, including prefrontal and
insular cortices, the amygdala, and several hypothalamic
sites involved in neuroendocrine and autonomic regulation. Neurons in the substantia innominata also receive
synaptic input from the prefrontal cortex and the amygdala (Zaborszky et al., 1984, 1997; Pare and Smith, 1994).
Psychophysiological studies predict that the prefrontal
cortex evaluates the meaning of the stimuli and exerts
executive control upon association cortices in memory retrieval (see, e.g., Miller and Cohen, 2001). Different subsystems within the amygdaloid complex are thought to
participate in attention, neuroendocrine and autonomic
responses to stress, and association of fearful stimuli with
autonomic processes during emotional learning and recall
(see, e.g., Holland et al., 2000; Cahill, 2000; Schafe et al.,
2001). Cholinergic neurons together with other local and
projection cells in the BF are well positioned anatomically
to integrate descending “top-down” signals (Sarter and
Bruno, 2001) from medial prefrontal and insular cortices,
and also from the amygdala, to coordinate cognitive and
emotional functions with autonomic regulation. The adrenergic input from the brainstem can provide viscerosensory, peripheral feedback (“bottom-up” signals) to this process.
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