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AbstractÐThe prefrontal cortex in rhesus monkeys is a heterogeneous region by structure, connections and function.
Caudal medial and orbitofrontal cortices receive input from cortical and subcortical structures associated with emotions,
autonomic function and long-term memory, while lateral prefrontal cortices are linked with structures associated with
working memory. With the aid of neural tracers we investigated whether functionally distinct orbitofrontal, medial and
lateral prefrontal cortices have speci®c or common connections with an ascending modulatory system, the basal forebrain.
Ascending projections originated in the diagonal band and the basalis nuclei of the basal forebrain in regions demarcated by
choline acetyltransferase. Although the origin of projections from the basal forebrain to lateral, medial and orbitofrontal
cortices partially overlapped, projections showed a general topography. The posterior part of the nucleus basalis projected
preferentially to lateral prefrontal areas while its rostrally adjacent sectors projected to medial and orbitofrontal cortices. The
diagonal band nuclei projected to orbitofrontal and medial prefrontal areas. Cortical and subcortical structures that are
interconnected appear to have a similar pattern of connections with the basal forebrain. In comparison to the ascending
projections, the descending projections were speci®c, originating mostly in the posterior (limbic) component of medial and
orbitofrontal cortices and terminating in the diagonal band nuclei and in the anterior part of the nucleus basalis. In addition,
prefrontal limbic areas projected to two other systems of the basal forebrain, the ventral pallidum and the extended
amygdala, delineated with the striatal-related markers dopamine, adenosine 3 0:5 0-monophosphate regulated phosphoprotein
of Mr 32 kDa, and the related phosphoprotein Inhibitor-1. These basal forebrain systems project to autonomic nuclei in the
hypothalamus and brainstem.

We interpret these results to indicate that lateral prefrontal areas, which have a role in working memory, receive input
from, but do not issue feedback projections to the basal forebrain. In contrast, orbitofrontal and medial prefrontal areas,
which have a role in emotions and long-term memory, have robust bidirectional connections with the basal forebrain.
Moreover, orbitofrontal and medial prefrontal cortices target the ventral pallidum and the extended amygdala, through
which high-order association areas may activate motor autonomic structures for the expression of emotions. q 2001 IBRO.
Published by Elsevier Science Ltd. All rights reserved.
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The prefrontal cortex in primates is a large and hetero-
geneous region that is connected widely with cortical and
subcortical structures. The lateral, medial and orbitofrontal

sectors of the prefrontal cortex have diverse connections
that probably underlie their functional specialization (for
reviews see Refs 10, 11 and 12). For example, the hippo-
campus and amygdala in the temporal lobe, which are
associated with long-term memory and emotional
memory,22,133 target robustly caudal medial and orbito-
frontal cortices.4,15,16,27,85,95 However, lateral prefrontal
cortices, which are associated with working memory
(for reviews see Refs 38, 39, 49 and 94), have few, if
any, connections with the hippocampus and the amyg-
dala, but are connected with parietal cortices associated
with cognitive functions (for reviews see Refs 7 and 12).

The question arises of whether the speci®city of
connections of functionally distinct prefrontal cortices
extends to the ascending modulatory systems. These
systems include the basal forebrain, the locus coeruleus,
the substantia nigra/ventral tegmental area and the raphe
nuclei (for reviews see Refs 5, 36, 74, 117 and 118). In
this study we focused on the organization of connections
between prefrontal cortices and one component of the
modulatory systems, the basal forebrain, which is
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thought to carry out arousal and attentional functions
through its connections with the cortex (for reviews see
Refs 21, 42, 51, 110 and 132). The basal forebrain has
received special attention because of its susceptibility in
neurodegenerative and neuropsychiatric diseases (for
reviews see Refs 57, 58, 74, 97 and 109).

Previous studies have shown that the basal forebrain is
connected with cortical and subcortical structures, with
some degree of topographic organization62,79,93,106,107,131,132

(for review see Ref. 132). For example, the diagonal band
nuclei of the basal forebrain project primarily to the
hippocampus and olfactory bulb, while the nucleus
basalis of Meynert projects to the amygdala and the
entire cortex.79 Among prefrontal cortices the orbito-
frontal and medial prefrontal cortices appear to have
strong anatomical interactions with the basal forebrain
in monkeys61,64,78±80,106 and rats.24,44,81,107,132 In monkeys,
connections of the prefrontal cortex with the basal fore-
brain were studied along with the connections of the
basal forebrain with the entire cortex.78,79,83,106

Since the publication of the above studies, a consider-
able amount of evidence has been amassed on the func-
tional heterogeneity of both the prefrontal cortex and the
basal forebrain. A wealth of information now supports
the view that lateral, medial and orbitofrontal cortices
have different connections and distinct functions in
cognition, memory and emotion (e.g. see Refs 7, 10±
12, 37, 39, 49 and 75). Similarly, it is now established
that the basal forebrain is composed of several
systems2,58,132 and includes cholinergic as well as non-
cholinergic neurons.79,107,132 The cholinergic component
of the basal forebrain has been well characterized.79

Another component includes the ventral pallidum and
occupies roughly the top half of the basal forebrain. In
addition, embedded within the classically conceptualized
basal forebrain region, there is yet another system,
composed of punctuated groups of neurons extending
from the central and medial nuclei of the amygdala to
the bed nucleus of the stria terminalis, forming the
extended amygdala (for reviews see Refs 31, 32 and 58).

In view of new evidence, it has become necessary to
re-evaluate the interactions of the basal forebrain with
functionally distinct prefrontal cortices. In this study
we have focused on this issue and have extended
analyses to prefrontal areas not previously explored,

including the caudal orbitofrontal region (areas OPro
and OPAll) and medial prefrontal area 32. These areas
are part of the limbic component of the prefrontal cortex
and have been implicated in emotional processes on
the basis of their connections and physiological attributes
(for reviews see Refs 11 and 12). We addressed the fol-
lowing questions: do prefrontal cortices with distinct
functions in memory have a distinct pattern of connec-
tions with the basal forebrain, or are the projections from
the basal forebrain to the prefrontal cortex diffuse?
In light of evidence that there are distinct systems within
the basal forebrain, does the pattern of connections
between the prefrontal cortices and the basal forebrain
include the extended amygdala and the ventral pallidum?

EXPERIMENTAL PROCEDURES

Surgical procedures

Experiments were conducted on 23 rhesus monkeys (Macaca
mulatta), obtained through the Washington and New England
Regional Primate Research Centers. Experiments were conducted
according to the NIH Guide for the Care and Use of Laboratory
Animals (NIH publication 86±23, revised 1987), and all efforts
were made to minimize animal suffering and to reduce their
numbers. The monkeys were anesthetized with ketamine hydro-
chloride (10 mg/kg, intramuscularly) followed by sodium pento-
barbital administered intravenously through a femoral catheter
until a surgical level of anesthesia was accomplished (cumulative
dose ,30 mg/kg). Surgery was done under aseptic conditions. A
craniotomy was made, the dura was cut and the cortex exposed.

In 14 of the animals a solution containing 8% horseradish
peroxidase conjugated to wheat germ agglutinin (HRP±WGA;
Sigma, St. Louis, MO) was injected, in four animals the ¯uores-
cent dye Fast Blue (Sigma, St. Louis, MO) was injected, and
®nally Fluororuby (dextran tetramethylrhodamine, mol. wt
3000, Molecular Probes, Eugene, OR), was injected in one
animal. 3H-Labeled amino acids were injected in four animals.
In all cases the injections were made using a Hamilton syringe
(5 ml) mounted on a microdrive with the needle being lowered to
a selected cortical site under microscopic inspection. Over a 30-
min period, small amounts of the injectate (0.05±0.1 ml, 8%
HRP±WGA; 0.4 ml, 3% Fast Blue; 0.8 ml, 10% Fluororuby;
0.4±1.0 ml, [3H]leucine and [3H]proline, speci®c activity 40±
80 mCi) were delivered 1.5 mm below the pial surface at each
of two adjacent sites separated by 1±2 mm.

Perfusion and tissue processing

The animals injected with 3H-labeled amino acids were
anesthetized and perfused with 10% formalin after 10 days of
survival. The brain was removed from the skull, photographed,
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Abbreviations used in the ®gures

A arcuate sulcus
AC anterior commissure
Amy amygdala
CAUD caudate nucleus
CC corpus callosum
Cg cingulate sulcus
EA extended amygdala
fb Fast Blue
Fx fornix
GP globus pallidus
Hypo hypothalamus
IC internal capsule
LF lateral ®ssure
LO lateral orbital sulcus
MO medial orbital sulcus

MPAll medial periallocortex (agranular cortex)
OC optic chiasm
OLF olfactory area
OT optic tract
P principalis sulcus
PUT putamen
RO rostral sulcus
S septum
ST superior temporal sulcus
THAL thalamus
V ventricle
VP ventral pallidum
V46 ventral area 46
WM white matter



embedded in paraf®n, cut in 10 mm coronal sections, and
mounted on glass slides. The processing of the sections was
according to the autoradiographic method of Cowan et al.29

Sections were counterstained with Thionin and coverslipped.
Following a survival period of 40±48 h animals injected with

HRP±WGA were given a lethal dose of anesthetic (sodium
pentobarbital) and perfused through the heart with saline
followed by 2 liters of ®xative (1.25% glutaraldehyde, 1% para-
formaldehyde in 0.1 M phosphate buffer, pH 7.4). The ®xative
was followed by perfusion with 2 liters of cold (48C) phosphate
buffer (0.1 M, pH 7.4). The brain was then removed from the
skull, photographed and placed in glycerol phosphate buffer
(10% glycerol, 2% dimethyl sulfoxide (DMSO) in 0.1 M phos-
phate buffer, pH 7.4) for one day and then in 20% glycerol phos-
phate buffer for two additional days.

The survival period for animals with ¯uorescent dye injections
was 10±14 days. The animals were then anesthetized and
perfused with 4% or 6% paraformaldehyde in 0.1 M cacodylate
buffer (pH 7.4). The brain was removed and photographed as
described above and post®xed in a solution of 4% or 6% para-
formaldehyde with glycerol and 2% DMSO, as described
previously.8

In HRP±WGA and ¯uorescent dye experiments brains were
frozen in 2758C isopentane and cut on a freezing microtome in
the coronal plane at 40 mm in 10 series. In the HRP±WGA
experiments, one series was treated to visualize HRP.73 The tissue
was mounted, dried and counterstained with Neutral Red. In
experiments with ¯uorescent dye injections, two series of
sections were mounted for mapping labeled neurons. One series
was coverslipped with Fluoromount and stored in light-tight
boxes with Drierite at 48C. The second series was plotted to
visualize and localize retrogradely labeled neurons under a
microscope equipped with an epi-¯uorescence attachment.
After plotting, sections were counterstained with Thionin and
returned to the microscope to place architectonic borders. In all
experiments one series of sections was processed for acetyl-
cholinesterase (AChE) to determine the speci®c laminar
termination of ®bers in prefrontal cortices, which presumably
arise from the basal forebrain.

Histochemical and immunocytochemical procedures used to
delineate architectonic borders

To aid in delineating architectonic borders, adjacent series of
sections were stained for Nissl, myelin, choline acetyl transferase
(ChAT), AChE, dopamine and adenosine 3 0:5 0-monophosphate
regulated phosphoprotein of Mr 32 kDa (DARPP-32), or
Inhibitor-1.43,46,86,90,91,124 AChE and ChAT can be used to stain
cholinergic neurons in the basal forebrain; however, while
AChE is an excellent marker for cholinergic neurons it is not a
suf®cient marker, while ChAT appears to be speci®c.79,111 Tissue
sections treated for ChAT and/or AChE were used to delineate
the cholinergic sectors of the basal forebrain. Tissue treated for
DARPP-32 and Inhibitor-1 was used to distinguish the ventral
pallidum, which contained positive ®bers, from the nucleus
basalis, which did not. This tissue also highlighted clusters of
neurons belonging to the extended amygdala which are positive
for DARPP-32 and Inhibitor-1.

We used standard immunohistochemical procedures for ChAT
(rat monoclonal, DiaSorin, INCSTAR, Stillwater, MN), DARPP-
32 (mouse monoclonal, a gift from Dr Paul Greengard) and
Inhibitor-1 (rabbit polyclonal, immunopuri®ed, gift from Dr
Angus Nairn). In brief, the sections were rinsed in 0.1 M
phosphate-buffered saline (PBS) several times, blocked with
10% horse serum and 0.3% Triton-X in 0.1 M PBS for 1 h, and
placed overnight in the primary antibodies in 0.1 M PBS with 1%
horse serum and 0.3% Triton-X (1:200 for ChAT; 1:30,000 for
DARPP-32; 1:250 for Inhibitor-1). The sections were then
washed in 0.1 M PBS and placed in solution of secondary anti-
bodies in 0.1 M PBS and 1% horse serum (horse anti-rat IgG for
ChAT; horse anti-mouse IgG for DARPP-32; horse anti-rabbit
IgG for Inhibitor-1; 1:200) for 2 h. The sections were then washed
and placed in a solution of avidin and biotin (ABC elite kit, PK
6100, Vector Labs, Burlingame, CA, 1:200 in 0.1 M PBS) for 2 h.

The sections were then washed in 0.1 M PBS and treated with
3,3 0-diaminobenzidine (DAB; Plus Kit, Zymed, San Francisco,
CA) to visualize ChAT, DARPP-32 and Inhibitor-1 positive
neurons and ®bers.

Data analysis

Mapping projection neurons. Sections ipsilateral to the injec-
tion site were viewed under bright-®eld or ¯uorescence illumina-
tion to map retrogradely labeled neurons within the basal
forebrain. Mapping of retrogradely labeled neurons was con-
ducted using a microscope±computer interface and software
developed in our laboratory. This system allows tracing borders
and mapping and counting labeled neurons. The maps were trans-
ferred onto paper using a digital plotter (Hewlett Packard, 7475A)
which was electronically coupled to the stage of the microscope
and a PC.

Mapping anterograde label. We used phase-contrast and dark-
®eld illumination to outline and map anterograde label in the
basal forebrain in cases with injections of 3H-labeled amino
acids or HRP±WGA. We used two methods to evaluate antero-
grade label. First, we rated anterograde label qualitatively by
visual inspection as light, moderate or dense. Second, we
measured the regional density of anterograde label in the basal
forebrain using an image analysis system (MetaMorph, Universal
Imaging, West Chester, PA). The system uses a CCD camera
mounted on the microscope to capture images directly from
brain sections. Measurements of the density of anterograde
label were made at £ 100 magni®cation under dark-®eld illumin-
ation, using a ®ber optic illuminator which ensures even lighting
at low and high magni®cation (Optical Analysis Corporation,
Nashua, NH). Background measurements were taken from adja-
cent areas with no anterograde label within the basal forebrain.
The background measurements were subtracted from the density
scores to determine labeling above background level. Density
measures were taken from ®ve to six sites within an area, avoid-
ing artifact and retrogradely labeled neurons. After subtraction of
background the range of density scores was divided into three.
Density scores falling in the bottom third were considered light,
in the middle third moderate, and in the top third dense. The
rating scores were converted to a scale of (2) to (111), corre-
sponding to no label (2), light label (1), moderate label (1 1 ),
and dense label (111) (Table 3). The ®nal rating scores highly
correlated with the independent qualitative analyses (Pearson
r� 0.92, P , 0.001).

Reconstruction of injection sites, projection zones and
photography. The cortical regions containing the injection sites
were reconstructed serially by using the sulci as landmarks, as
described previously.6 Projection zones were shown on represen-
tative coronal sections of the basal forebrain. The photomicro-
graphs in Figs 1 and 3 were captured directly from histological
brain slides using a CCD camera and the Neurolucida Virtual
Slice software (MicroBrightField, Colchester, VT) and were
imported into Adobe Photoshop (Adobe Systems, San Jose,
CA) for assembly, labeling and adjustment of overall brightness,
but were not retouched.

RESULTS

Delineation of basal forebrain nuclei

The basal forebrain includes the nucleus basalis of
Meynert, the nuclei of the diagonal band, consisting of
the nucleus of the vertical limb (nVL; Fig. 1A), and the
nucleus of the horizontal limb (nHL; Fig. 1B), and the
septal nuclei. We delineated the above nuclear groups
with the aid of AChE, ChAT and Nissl stained sections.
Detailed analyses of the architecture of the above basal
forebrain structures in macaque monkeys have been
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Fig. 1. Architecture of the basal forebrain. (A±D): Bright-®eld photomicrographs of coronal sections through rostral (A) to caudal
(D) extent of the cholinergic basal forebrain showing the different sectors of the nucleus basalis in tissue treated for ChAT. (A) The
vertical limb of the diagonal band nuclei (nVL; Ch2). (B) Anterior divisions of the nucleus basalis (nBMam, nBMal; Ch4), and the
horizontal limb of the diagonal band (nHL; Ch3). (C) Intermediate division of the nucleus basalis (nBMi; Ch4). (D) Posterior extent
of the nucleus basalis (nBMp; Ch4). (E, F) Distinction of the nucleus basalis, the ventral pallidum, and the extended amygdala. (E)
Photomicrograph of tissue treated for the phosphoprotein DARPP-32 and counterstained with Nissl in the nBMa region, showing the
border between the ventral pallidum containing DARPP-32 immunoreactive neuropil (brown region) and the negative nBM stained
for Nissl (blue neurons below the brown region). (F) Small neurons of the extended amygdala are positive for DARPP-32 (dark
brown cells, small black arrows) and are distinguishable from the magnocellular neurons in nBMal stained only with Nissl (blue
cells). Areas in F, G are shown below at higher magni®cation. Inset in F is a higher magni®cation of DARPP-32 positive neurons in
the region of the extended amygdala, indicated by the long black arrow. The red arrow shows a ventral extension of the putamen
which includes neurons of the putamen as well as neurons of the extended amygdala. Scale bars � 1 mm (A±E), 250 mm (F±G).



published in previous studies79 and will not be described
here.

The nucleus of the vertical limb (nVL; Fig. 1A) and
the medial septum (mS; dorsal to nVL, not shown) are
located rostromedially within the basal forebrain and
correspond to the Ch1 and Ch2 groups of Mesulam
et al.79 The nucleus of the horizontal limb (nHL) is
located posterior to the nVL and extends along the
ventral edge of the forebrain (Ch3 group of Mesulam

et al.;79 Fig. 1B). The nucleus basalis of Meynert (Ch4
group79) which is situated caudal to the nVL and dorsal
to the nHL, is divided into anatomically distinct sub-
divisions: an anterior (nBMa) portion with medial
(nBMam) and lateral parts (nBMal; Fig. 1B), an inter-
mediate region (nBMi; Fig. 1C), and a posterior group
(nBMp; Fig. 1D), all of which are segregated solely by
topography.

In addition, our descriptions extend into the nearby
striatal-related part of the basal forebrain delineated
with the aid of DARPP-32, a phosphoprotein ®rst
described in the neostriatum and its efferent projec-
tions.90,124 The striatal-related parts of the basal forebrain
include the ventral pallidum and the extended amygdala.
Fibers positive for DARPP-32 labeled the upper part of
the basal forebrain, which includes the ventral pallidum,
and delineated it from the bottom half of the basal fore-
brain where neither ®bers nor the magnocellular neurons
of the nucleus basalis were positive for DARPP-32 (Fig.
1E, G). The extended amygdala is composed of punctu-
ated groups of neurons extending from the central and
medial nuclei of the amygdala to the bed nucleus of the
stria terminalis (Fig. 1F, G). In contrast to other neurons
of the basal forebrain, cell clusters of the extended amyg-
dala were positive for DARPP-32 (Fig. 1F, G, small
black arrows), akin to the positive neurons of the central
nucleus of the amygdala described previously.18 The
DARPP-32-positive neurons in the basal forebrain were
morphologically distinct from the islands of neurons
situated below the anterior commissure that belong to
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Fig. 2. Composite of injection sites shown on the medial (A) lateral
(B) and orbital (C) surfaces of the frontal lobe. The injection sites are
superimposed on an architectonic map of the prefrontal cortex
(Barbas and Pandya, 1989).20a Dotted lines demarcate architectonic
areas indicated by numbers. MPAll, OPAll, OPro and OLF refer to
architectonic areas. All other letter combinations refer to cases. The
injection site patterns refer to the type of tracer used: black area,
¯uorescent dyes; black outline, [3H]amino acids; gray, HRP±WGA.

Table 1. Injection sites, tracer types and analyses conducted in
prefrontal cases

Area injected Case Tracer type

Orbitofrontal
OPro/OPAll AG HRP±WGA*²
OPro AF HRP±WGA*²
OPro MAR [3H]Amino acids²
13 AJb Fast Blue*
O12 MBY HRP±WGA*²
11 MFT [3H]Amino acids²
11 AM HRP±WGA*
11 MBJ HRP±WGA*

Medial
25 AH HRP±WGA²³
32/24 AIb Fast Blue*
32 AE HRP±WGA*²
32 MDQ [3H]Amino acids²
14 AKb Fast Blue*
M9 AO HRP±WGA*²
M10 ARb Fast Blue*

Lateral
8 AD HRP±WGA*
8 AC HRP±WGA*²
D46 AB HRP±WGA²
V46 MBH HRP±WGA*²
V46 MFF [3H]Amino acids²
V46 AA HRP±WGA*²
L12/O12 AVr Fluororuby*
D10/R46 SF HRP±WGA*²

*Quantitative analysis of projection neurons in the basal forebrain
directed to prefrontal cortices,
²Analysis of anterograde label in the basal forebrain,
³Qualitative analysis only; con®rmatory cases.



the ventral putamen.91 A similar pattern was noted by
labeling with Inhibitor-1.

Our analyses of striatal structures were restricted to
regions that share territory with the basal forebrain and
do not include the nucleus accumbens or more dorsally
situated striatal parts described in previous studies.34,48,129

Injection sites

A composite diagram of the location of tracer injec-
tions within prefrontal cortices is shown in Fig. 2. We
injected three different types of tracers: a bidirectional
tracer (HRP±WGA), retrograde tracers (Fast Blue and
Fluororuby) and anterograde tracers ([3H]amino acids).
The cases, the types of dyes injected, the corresponding
injection sites within prefrontal areas and the type of
analyses conducted are shown in Table 1. Injections of
tracers in eight cases were in orbitofrontal areas (Fig.

2C), in seven cases in medial areas (Fig. 2A) and in
eight cases in lateral areas (Fig. 2B). Details for the
majority of the injection sites here were described
previously in studies investigating the cortical, thalamic,
amygdaloid, hippocampal and hypothalamic connections
of prefrontal cortices.8,9,15±17,19,33,99,100 Some of the data on
the connections of these prefrontal areas with the basal
forebrain have appeared as an abstract.47

Termination of basal forebrain ®bers within prefrontal
cortices

The distribution of AChE-positive terminals in a series
of coronal sections through the prefrontal cortices is
shown in Fig. 3. AChE-positive ®bers were most densely
distributed in posterior orbital (Fig. 3A, B) and medial
(Fig. 3C, D) prefrontal regions and were found pre-
dominantly in layer 1 and the super®cial aspect of the
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Fig. 3. The distribution of acetylcholinesterase ®bers in the prefrontal cortex. Dark-®eld images of coronal sections showing AChE-
positive terminals and ®bers (white) within orbitofrontal (A, B), medial (C, D), and lateral (E, F) prefrontal cortices. The numbers to

the right of A, C and E correspond to the cortical layers.



deep layers. Labeling was also noted in lateral prefrontal
cortices but was substantially less dense than in medial
and orbitofrontal areas and was seen mostly in layer 1
and sparsely in layer 6 (Fig. 3E, F). This pattern con®rms
previous ®ndings in the cortex using AChE and ChAT
staining procedures.20,23,66,72,76,79,80,82,122

Retrogradely labeled neurons in the basal forebrain

The distribution of retrogradely labeled neurons in the
different nuclei of the basal forebrain after injection of
retrograde tracers in prefrontal cortices is shown in Table
2. About two-thirds of the labeled neurons in the basal
forebrain were found in and around the nucleus basalis of
Meynert (nBM) in all cases. The remaining labeled
neurons were located in the diagonal band nuclei and
medial septal region. Overall, the majority of the labeled
neurons appeared magnocellular in size, although a few
small labeled neurons were scattered among the magno-
cellular neurons and were noted after caudal medial and
orbitofrontal injections. Moreover, a few of the labeled
neurons were found in the territory of the extended
amygdala and ventral pallidum in medial and orbito-
frontal cases, although they were magnocellular neurons,
suggesting that they belonged to the nucleus basalis.

Projections to orbitofrontal cortices

In case AG, with an HRP±WGA injection in orbital
agranular area OPAll and dysgranular area Opro (Figs
2C, 4E), the highest proportion of labeled neurons was
observed within the nBMi region, posterior to the
anterior commissure and optic chiasm, accounting for
35% of all labeled neurons in this case (Fig. 4C). Similarly,

in case AF, with an injection in neighboring orbitofrontal
area OPro (Fig. 5E), labeled neurons in nBMi accounted
for 48% of all labeled neurons (Fig. 5B, C). At the level
of the rostral aspect of the anterior commissure, in each
case, a quarter of the labeled neurons were found within
the nBMal (Figs 4A, B, 5A). Ventral to the nBMa,
labeled neurons were found within nHL on the ventral
edge of the forebrain (case AG, 24%; case AF, 11%; Figs
4B, 5A). Labeled neurons were also observed within the
caudal extent of the nucleus basalis, in nBMp, just lateral
to the optic tract (13% in case AG and 12% in case AF;
Figs 4D, 5D). In both cases, the nBMam contained only
3% of all labeled neurons. There was no evidence of
labeled neurons within nVL in either case.

As in the above cases, in case AJb, with an injection of
Fast Blue in adjacent area 13 (Fig. 2C), labeled neurons
were seen in nBMi (37%) and nBMal (28%; data not
shown). The nBMam, at the level of the anterior commis-
sure, contained some labeled neurons (14%; Table 2), as
did the mS/nVL region (9%) and the nHL (11%). Only a
few labeled neurons were observed within the nBMp.

More rostrally within the orbitofrontal region, areas
O12 and 11 differed from caudal orbitofrontal areas as
recipient of a more robust projection from nBMam
(Table 2). In case MBY, with an injection in the rostral
part of area 12 (Fig. 6E), labeled neurons were seen in
nBMam (27%; Fig. 6A, B), nBMi (24%; Fig. 6C), and
lateral to the optic tract within nBMp (27%; Fig. 6D), and
in nHL (20%; Fig. 6A). There were only a few labeled
neurons in nBMal (Fig. 6A, B) and none could be seen in
the nVL (not shown).

Cases with injections in orbitofrontal area 11 were
distinguished from the rest of the orbitofrontal cases by
a higher proportion of labeled neurons in nHL (28% in
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Table 2. Distribution of labeled neurons in basal forebrain nuclei projecting to prefrontal cortices

Basal forebrain projection zone

Area injected Case mS/nVL nHL nBMam nBMal nBMi nBMp Total n

Orbitofrontal
OPro/OPAll AG ± 24 3 25 35 13 116
OPro AF* ± 11 3 26 48 12 118
13 AJb 9 11 14 28 37 2 130
O12 MBY* ± 20 27 2 24 27 45
11 MBJ* 2 28 17 17 25 11 125
11 AM 9 44 20 - 20 7 65

Medial
32/24 AIb* 34 14 25 21 3 3 191
32 AE* 27 2 28 28 11 3 777
14 AKb* 16 22 7 24 31 ± 55
M9 AO 14 8 19 12 42 5 74
M10 ARb 10 10 23 7 33 17 30

Lateral
8 AD 7 19 12 12 17 33 108
8 AC ± ± 12 6 6 76 17
V46 MBH 12 4 25 18 16 25 51
V46 AA 5 27 17 2 27 22 60
L12/O12 AVr 7 ± ± 21 47 27 15
D10/R46 SF 6 ± 15 10 38 31 70

Data in columns below area or nucleus designations are expressed in percentages. The last column (total n) shows the total number of labeled neurons
in the basal forebrain in each case; ±, areas with no evidence of labeled neurons.
*Cases with possible labeled neurons in the ventral pallidum or extended amygdala.



case MBJ and 44% in case AM; Figs 7A, 8A, B). Similar
to other orbitofrontal cases, the nBMi included a signi®-
cant portion of all labeled neurons in both cases (25% in
case MBJ and 20% in case AM; Figs 7C, 8D). In case
MBJ, a cluster of labeled neurons was observed within
the central part of nBMa, extending into both nBMam
and nBMal (17% each; Fig. 7A, B). In case AM there
were labeled neurons within nBMam (20%) but none was
seen in nBMal (Fig. 8B, C). More caudally, immediately
lateral to the optic tract, nBMp contained a cluster of
labeled neurons in both cases (11% in case MBJ and
7% in case AM; Fig. 7D). Ventral to the septal region,
only a few labeled neurons were found within nVL (2%
in case MBJ and 9% in case AM; not shown).

Projections to medial cortices

Medial prefrontal cortices differed from the orbito-
frontal by their higher proportion of labeled neurons in
the mS/nVL (Table 2). In cases AIb and AE with injec-
tions in area 32 (Figs 9E, 10E) about a third to a quarter
of the labeled neurons were seen in the mS/nVL (Figs
9A, 10A) and in nBMam and nBMal (Figs 9B, 10B;
Table 2). In case AE it was dif®cult to delineate the
basal forebrain subgroups because of the extensive retro-
grade labeling. Nuclear boundaries in case AE were
drawn on the basis of adjacent series stained for AChE
or Thionin.

The injection in case AIb was posterior to that in case
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AE and it spread into area 24. These cases differed some-
what with more labeled neurons seen in the nHL in case
AIb (14%; Fig. 9B, C) than in case AE (2%; Fig. 10B, C),
and by more labeled neurons in the nBMi in case AE
(11%; Fig. 10C, D) compared to case AIb (3%; Fig.
9C). In both cases, only a few labeled neurons were
found within the nBMp (3%; Fig. 9D). In both cases a
few labeled neurons were noted in the territory of the
extended amygdala and ventral pallidum (Figs 9C, D,
10B±D).

In case AKb the injection of Fast Blue was in area 14
(Fig. 11E), ventral to the above injections. This case
differed from the above by more extensive retrograde
labeling in nBMi (31%; Fig. 11C, D), but like the
above, it had labeled neurons in nBMal (24%; Fig.
11B), nHL (22%; Fig. 11B), the nVL (16%; Fig. 11A)
and in nBMam (7%; Fig. 11B). There was no evidence of
labeled neurons in the nBMp.

In cases AO and ARb, injection of HRP±WGA was in

medial area 9 and the mediodorsal aspect of area 10
(M10), respectively (Fig. 2A). These cases differed
from cases with injections in area 32 or 24 by having a
large proportion of labeled neurons in nBMi (Table 2:
42% in case AO and 33% in case ARb; not shown), and a
smaller proportion in nBMal (12% in case AO and 7% in
case ARb; Table 2) and in the nVL (14% in case AO and
10% in case ARb). Like cases AIb and AE with injec-
tions in areas 24 and 32, however, nBMam had a substan-
tial portion of labeled neurons in both cases (19% in case
AO and 23% in case ARb). The nHL included some
labeled neurons in both cases (8% in case AO and 10%
in case ARb). In case ARb there were more labeled
neurons within nBMp (17%) than in case AO (5%).

Projections to lateral cortices

Lateral areas differed from the rest by their robust
projections from nBMp, ranging from about a quarter
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to a majority of all labeled neurons. In cases AD and AC,
injections of HRP±WGA were in area 8. In case AD,
labeled neurons were found in nBMp (33%; Fig. 12C,
D), nBMi (17%; Fig. 12B) and the nHL (19%; Fig. 12A).
A cluster of labeled neurons was seen in the center of the
nBMa region, ventral to the anterior commissure and
ventral pallidum, within nBMam (12%) and nBMal
(12%; not shown). Only a few labeled neurons were
found in nVL (Fig. 12A). As in case AD, in case AC
most of the labeled neurons were found in nBMp
(76%, Table 2; not shown), and a few were seen in
nBMam (12%). Only a few labeled neurons were seen
in nBMi and nBMal (6% each). There was no evidence of
labeled neurons in the diagonal band nuclei or in the
medial septum.

In cases with more rostral injections in lateral pre-
frontal areas there were fewer, but still a substantial
proportion of labeled neurons in nBMp. In cases MBH
and AA injections of HRP±WGA were in ventral area 46
(Figs 2B, 13E). In case MBH, labeled neurons were seen
in nBMam (25%; Fig. 13B), nBMp (25%; Fig. 13D) and
nBMal (18%; Fig. 13B). Labeled neurons were also
noted in nBMi (16%; Fig. 13C) and nVL (12%; Fig.
13A). Only a few labeled neurons were seen within the
nHL (Fig. 13B). In case AA, where the injection was in a
more rostral part of ventral area 46 than in case MBH
(Fig. 2B), the most extensive labeling was observed in
nHL (27%), nBMi (27%), nBMp (22%) and nBMam
(17%). Only a few labeled neurons were found in nVL
or nBMal.
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In case AVr with an injection of Fluororuby in lateral
and orbital area 12, the highest proportion of labeled
neurons was noted in nBMi, similar to case SF which
had an injection of HRP±WGA in rostral area 46 and
dorsal 10 (47% in case AVr and 38% in case SF; Table
2; not shown). These cases resembled other lateral cases
by a substantial projection from the nBMp (27% in case
AVr and 31% in case SF). In both cases, labeled neurons
were also found within nBMal (21% in case AVr and
10% in case SF). The nBMam included labeled neurons
in case SF (15%), but not in case AVr (Table 2). There
were only a few labeled neurons within nVL in both
cases (7% in case AVr and 6% in case SF), and there
was no evidence of labeled neurons in nHL.

Topography of basal forebrain neurons projecting to
lateral, medial and orbitofrontal regions

The above analysis indicated some differences in the
topography of projection neurons directed to distinct
prefrontal cortices. We next investigated whether there
were overall differences in the topography of basal fore-
brain projections to lateral, medial and orbitofrontal
cortices. The most notable difference was in the prefer-
ential distribution of projection neurons within nBMp
after injections in lateral prefrontal cortices (average
36%) compared with orbitofrontal cases (12%) or medial
cases (6%; Fig. 14). In a rostrocaudal direction within the
nucleus basalis, there appears to be a crude topographic
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organization in the projection neurons, whereby nBMa
(medial and lateral) sends more robust projections to
medial, nBMi to orbitofrontal and nBMp to lateral
prefrontal cortices.

There were differences in the projections from the mS
and the diagonal band nuclei to different prefrontal
cortices (Fig. 14). The mS and the nVL were grouped
together because of their proximity. There was a signi®-
cant difference in the percentage of labeled neurons
within mS/nVL directed to prefrontal sectors (F� 9.64,
P , 0.05), so that medial prefrontal injections labeled
a signi®cantly higher percentage of neurons than
lateral (t� 2.57, P , 0.05) or orbital injections (t� 3.3,
P , 0.05).

Topography of descending projections from prefrontal
cortices to the basal forebrain

We next investigated whether the connections between
the basal forebrain and the prefrontal cortices were

reciprocal. Anterograde label was evident in the basal
forebrain after injections of HRP or 3H-labeled amino
acids only in some of the cases studied (Table 3). The
highest density of anterograde label was observed after
injections in orbitofrontal cortices (cases AF, MAR,
MBY and MFT), and was seen in the nBMal in all
cases, and in most cases in the nBMam, nHL and
nBMi as well (Figs 4±6). In orbitofrontal cases AF,
MAR and MBY anterograde label was also seen in the
ventral pallidum and the extended amygdala (Figs 5B,
6B, C). In addition, there was a dense cluster of antero-
grade label in nBMp after injection of HRP±WGA in
orbital area 12 in case MBY (Fig. 6D). Other orbito-
frontal cases had little or no anterograde label in nBMp.

Among medial cortices, injection of HRP in area 32
(case AE) resulted in signi®cant anterograde label in all
basal forebrain regions (Fig. 10). Anterograde label in the
ventral pallidum and extended amygdala was diffusely
distributed, and was less dense than in the bottom half of
the basal forebrain (Fig. 10B, C). Dense anterograde
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label, in case AE, was found mostly within nVL, nHL
and nBMam (Fig. 10A±C). In case AH, with an injection
of HRP in area 25, light anterograde label was seen in the
mS/nVL and in nHL of the diagonal band (not shown). In
case MDQ with an injection of [3H]amino acids in rostral
area 32, there was no labeling in any of the basal fore-
brain nuclei except for sparse label in the mS. In case AO
with an injection in area 9, or in cases with lateral
prefrontal injections, there was no evidence of signi®-
cant, if any, anterograde label within the basal forebrain
(Table 3).

Relationship of injection size with retrograde and
anterograde label

There was no signi®cant correlation between the size
of the reconstructed injection site and the total number of
labeled neurons in the basal forebrain (Spearman rank
order correlation, rs� 0.073; P . 0.05) or between the

injection size and the intensity of anterograde label
(rs�20.38; P . 0.05). These results suggest that the
prevalence of ascending and descending connections
between the basal forebrain and prefrontal cortices
depends on the location of the injection but not its size.

DISCUSSION

Basal forebrain innervation of the cortex

The results suggest considerable overlap in the origin
of projections to orbitofrontal, medial and lateral
prefrontal cortices, con®rming and extending previous
®ndings in rats44,53,54,68,71,120 and primates.79,84,93,106,115

Nevertheless, there were some notable biases in these
connections as well. For example, the nBMp targeted
mostly lateral prefrontal cortices, whereas the nVL
projected preferentially to medial prefrontal, and the
nHL to orbitofrontal cortices.
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The basal forebrain is made up of cholinergic as well
as non-cholinergic neurons whose proportion varies
within subsectors of the basal forebrain.79,107,132 There
is no general agreement on the proportion of cholinergic
to non-cholinergic neurons that project to the
cortex52,80,107 (for review see Ref. 132), and our data
did not speci®cally address this question. However, the
majority of the projection neurons in this study had the
morphology of the magnocellular cholinergic neurons of
the nucleus basalis of Meynert, while a few were small,
suggesting that cholinergic as well as non-cholinergic
neurons project to prefrontal cortices.

Previous ®ndings indicated that the termination of
basal forebrain projections in the cortex differs regionally
in density and laminar distribution.23,66,77,122 Using the
cholinergic degradative enzyme AChE, we noted that
positive ®bers were more densely distributed in medial
and orbitofrontal limbic cortices than in lateral pre-
frontal cortices. These results are consistent with previous

®ndings indicating that the density of ChAT-positive
®bers is higher in agranular and dysgranular (limbic)
cortices than in granular (eulaminate) areas,122 a pattern
also seen using AChE in different cortical areas.20,84 In
our own material the most dense concentration of AChE-
positive ®bers in medial and orbitofrontal cortices was
noted in layer 1 and the super®cial part of layer 5, with a
gradual decrease in density in layer 6. In contrast, in
lateral prefrontal areas, layer 1 had AChE-positive ®bers,
but layer 6 included only a sparse distribution of ®bers.
These ®ndings suggest that projections from the basal
forebrain may in¯uence to a greater extent neurons in
different layers in medial and orbitofrontal than in lateral
prefrontal cortices.

Common origin of basal forebrain projections to
interconnected neural structures

The posterior part of the nucleus basalis targeted
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preferentially lateral prefrontal cortices, a pattern noted
for auditory association and temporal polar areas as
well.79 In this context, it may be signi®cant that the
lateral prefrontal areas 8, 46, 12 and 10 studied here
have robust connections with visual and auditory asso-
ciation cortices (for reviews see Refs 7, 10 and 92). This
evidence suggests that through a set of common connec-
tions, the nBMp may preferentially activate prefrontal,
auditory and visual cortices, which are linked through
corticocortical connections. Such activation may facili-
tate the recruitment of signals necessary for cognitive
processes that rely on lateral prefrontal cortices (for
reviews see Refs 39, 49 and 94).

Similarly, the preferential connection of the diagonal
band nuclei mS/nVL with medial prefrontal areas is
consistent with other common connections of these struc-
tures. For example, medial prefrontal cortices are
connected preferentially with the hippocampal forma-
tion, parahippocampal, rhinal and perirhinal areas, and

midline thalamic nuclei (for reviews see Refs 11 and 14),
as is the case with the mS/nVL complex.44,54,60,71,79,106 In
addition, the nHL projected to orbitofrontal cortices, as
shown here, and to the olfactory bulb,79,105 matching an
equally robust projection from olfactory areas to the
posterior orbitofrontal cortices.8,25,85,96 Finally, there is
evidence that the projections from the basal forebrain
to the amygdala originate predominantly from the lateral
part of the nBMa (nBMal),79 which also projects to
medial and orbitofrontal cortices. Like the medial and
orbitofrontal cortices, among the nuclei of the amygdala
the basolateral has a pronounced cholinergic innerva-
tion,3 and issues robust projections to orbitofrontal and
medial prefrontal cortices.1,4,16,27,85,95

Thus, although the projections of the basal forebrain to
different prefrontal regions overlap, a set of basal fore-
brain nuclei issues projections to interconnected cortices
forming a more elaborate but unique network. This
evidence suggests that within a seemingly diffuse system,
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a certain degree of speci®city may be afforded by con-
comitant activation by the basal forebrain of inter-
connected neural structures. This pattern of innervation
suggests that the arousal and attentional functions of the
basal forebrain102,110,123 may be effected through activa-
tion of circuits that recruit functionally distinct pre-
frontal cortices and the areas with which they are
connected.54,93,132

Selective output from medial and orbitofrontal cortices
to the basal forebrain, ventral pallidum and the extended
amygdala

Critical to the analysis of prefrontal descending
projections was deciphering different systems within
the basal forebrain in tissue treated for the degradative
enzyme (AChE) or the biosynthetic enzyme (ChAT) as
markers for cholinergic neurons. In addition, the striatal-
related phosphoprotein DARPP-32 and the related

phosphoprotein Inhibitor-1 aided demarcation of another
basal forebrain system, the ventral pallidum, where ®bers
were positive for DARPP-32.91 This marker also de-
lineated the system of the extended amygdala, high-
lighted by punctuated groups of neurons through the
basal forebrain that were positive for DARPP-32 and
Inhibitor-1. Using these neurochemical stains we noted
that, in addition to the general topography of projections,
there was another distinction in the neural association of
different regions of the prefrontal cortex with the basal
forebrain. Medial and orbitofrontal cortices issued
descending projections to the basal forebrain that termin-
ated rostrally within the nBMa, nHL and parts of nVL.
These results con®rm previous ®ndings in monkeys78

and rats.45 Further, our results extend previous ®ndings
by showing that in addition to cortical terminations in
the nucleus basalis, projections from medial areas 32
and 25 terminated in the diagonal band nuclei as well.
Moreover, we noted descending projections from some
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orbitofrontal, and particularly from medial area 32, to the
extended amygdala and the ventral pallidum, as has been
noted in several other species.28,63,69,104,128 In marked
contrast, lateral prefrontal cortices do not appear to
issue descending projections to the basal forebrain.

Functional implications

The present ®ndings indicated a general but consistent
topography, whereby granular types of cortices on the
lateral surface of the frontal lobe appear to receive
their basal forebrain input from posterior parts, while
the agranular and dysgranular limbic cortices on the
medial and orbitofrontal surfaces are interconnected
with its more rostral sectors. In the case of the lateral
prefrontal cortices this linkage was unidirectional, since
they did not issue feedback projections to the basal fore-
brain. This evidence suggests that the projections from
the basal forebrain to lateral prefrontal cortices constitute
an open-loop system, which may be related to ªon-lineº

processing in cognitive tasks. Activation of a network
consisting of lateral prefrontal cortices and their inter-
connected visual, auditory and other sensory cortices
by the basal forebrain may be associated with recruit-
ment and retrieval of perceptual information in working
memory functions.39,49,75

In the case of orbitofrontal and medial prefrontal
cortices, the connections with the basal forebrain were
bidirectional, although ultrastructural analysis indi-
cated that prefrontal axons synapse with interneurons
of the basal forebrain, but provided no evidence of
synapses with cholinergic neurons, at least in rats.131

However, orbitofrontal and medial prefrontal cortices
and the basal forebrain have common connections
with several diencephalic structures and the amyg-
dala,30,55,60,79,89,101,106,119,130 suggesting that they are part
of a more elaborate network. From a functional perspec-
tive the basal forebrain has been associated with process-
ing novelty and reinforcement of sensory stimuli,125,126

functions that have been attributed to orbitofrontal
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cortices and the amygdala as well. Speci®cally, neurons
in the orbitofrontal cortex and the amygdala ®re selec-
tively in response to cues based on their associative
signi®cance,67,103,112±114,121 and their activity is correlated
and adjusted as the salience of cues in a behavioral task
changes.41,112,114 As recipient of input from all sensory
modalities and the amygdala,4,8,16,26,27,85,95 the orbito-
frontal cortex may be capable of encoding cross-modal
associations in reward-associated tasks involving the
gustatory, olfactory and somatosensory modalities.67

Like the orbitofrontal cortex, the amygdala has multimodal

connections (for review see Ref. 10), and is implicated in
cross-modal associations.40 Information about reward
associations may be transmitted to the basal forebrain
by the descending projections from medial and orbito-
frontal cortices as well as temporal cortices and the
amygdala.78 Feedback projections may be necessary
to focus attention on the task at hand and adjust
performance.35

In addition to strong interconnections with the amyg-
dala, the caudal orbitofrontal and medial limbic pre-
frontal cortices and the basal forebrain have common
connections with the hippocampal formation, the rhinal
and entorhinal cortices, and the mediodorsal nucleus of
the thalamus19,33,44,50,54,56,60,71,79,88,116 associated with long-
term memory (for reviews see Refs 2, 11, 14, 31, 70 and
133). The bidirectional connections between the limbic
prefrontal areas and the basal forebrain may in¯uence
this extended network in the process of monitoring the
motivational signi®cance of associated events and their
encoding into long-term memory.

Finally, our data provided evidence that descending
projections from restricted medial and orbitofrontal
areas terminated within the territory of the extended
amygdala and the ventral pallidum, a venue to the output
of the amygdala through hypothalamic and brainstem
autonomic structures (for reviews see Refs 2, 58, 59
and 98). This pathway is positioned in parallel to a direct
projection from medial prefrontal and orbitofrontal
cortices to hypothalamic and brainstem autonomic
centers,65,87,89,99,108,127 and represents yet another set of
common connections for these structures. Recent
evidence indicates that direct cortical projections from
orbitofrontal and medial prefrontal cortices are posi-
tioned in series with hypothalamic projections to brain-
stem89,99 as well as spinal autonomic centers,101 a ®nal
common pathway that innervates peripheral autonomic
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Table 3. Distribution of anterograde label in the basal forebrain originating from prefrontal cortices

Basal forebrain termination zone

Area injected Case mS/nVL nHL nBMam nBMal nBMi nBMp

Orbitofrontal
OPro/OPAll AG ± 1 ± 1 ± ±
OPro AF* 1 111 111 11 1 ±
OPro MAR* ± ± 1 11 ± 1
O12 MBY* ± 11 1 1 1 111
11 MFT ± 1 1 11 1 1

Medial
25 AH 1 1 ± ± ± ±
32 AE* 111 111 111 11 - 11
32 MDQ 1 ± ± ± ± ±
M9 AO ± ± ± ± ± ±

Lateral
8 AC 1 ± ± ± ± ±
D46 AB 1 1 1 ± ± ±
V46 MBH ± ± ± ± ± ±
V46 MFF ± ± ± ± ± ±
V46 AA ± 1 ± ± 1 ±
D10/R46 SF ± ± ± ± ± ±

1, light anterograde label; 1 1 , moderate anterograde label; 111, dense anterograde label; ±, no evidence of
anterograde label.
*Cases with possible anterograde label in the ventral pallidum or extended amygdala.

Fig. 14. Histogram showing the proportion of projection neurons in
each of the basal forebrain nuclei directed to areas within orbitofron-
tal, medial and lateral prefrontal regions (n� 19). The six bars desig-

nating projections to each prefrontal region add up to 100%.



organs. This evidence provides the structural basis of
parallel pathways through which high-order association
orbitofrontal and medial prefrontal cortices may in¯u-
ence the emotional motor system.2,59

In summary, the presented evidence suggests that in
contrast with lateral prefrontal cortices, caudal orbito-
frontal and medial prefrontal cortices, which make up
the limbic component of the prefrontal cortex, have a
bidirectional association with the basal forebrain. More-
over, the prefrontal limbic cortices appear to be part of a

more extensive network that includes a cluster of dien-
cephalic, temporal structures and the basal forebrain, all
of which show particular vulnerability in neurodegenera-
tive and psychiatric diseases.13,57,58,97,109
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