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ABSTRACT
We have examined the location of cholinergic and GABAergic neurons
that project to the rat main olfactory bulb by combining choline acetyltransferase (ChAT) and glutamic acid decarboxylase (GAD) immunohistochemistry with retrograde fluorescent tracing. Since many of the projection neurons
are located in subcortical basal forebrain structures, where the delineation
of individual regions is difficult, particular care was taken to localize projection neurons with respect to such landmarks as the ventral pallidum (identified on the basis of GAD immunoreactivity), the diagonal band, and medial
forebrain bundle. In addition, sections with fluorescent tracers or immunofluorescence were counterstained for Nissl substance in order to correlate
tracer or immunopositive neurons with the cytoarchitecture of the basal
forebrain.
The majority of the cholinergic bulbopetal neurons are located in the
medial half of the nucleus of the horizontal limb of the diagonal band (HDB),
whereas only a few are located in its lateral half. A substantial number of
cholinergic bulbopetal cells are also found in the sublenticular substantia
innominata. A small number of cholinergic bulbopetal neurons, finally, are
located in the ventrolateral portion of the nucleus of the vertical limb of the
diagonal band. At the level of the crossing of the anterior commissure,
approximately 17%of the bulbopetal neurons in the HDB are ChAT-positive.
The noncholinergic bulbopetal cells are located mainly in the lateral half of
the HDB.
GAD-containing bulbopetal neurons are primarily located in the caudal
part of the HDB, especially in its lateral part. About 30% of the bulbopetal
projection neurons in the HDB are GAD-positive. A few GAD-positive bulbopetal cells, furthermore, are located in the ventral pallidum, anterior
amygdaloid area, deep olfactory cortex, nucleus of the lateral olfactory tract,
lateral hypothalamic area, and tuberomamillary nucleus.
The topography of bulbopetal neurons was compared to other projection
neurons in the HDB. After multiple injections of fluorescent tracer in the
neocortex, retrogradely labeled neurons were concentrated in the most medial part of the HDB, while neurons projecting to the olfactory and entorhinal cortices were located in the ventral part of the HDB. These results show
that the cells of the HDB can be divided into subpopulations based upon
projection target as well as transmitter content. Furthermore, these subpopulations correspond, at least to a considerable extent, to areas that can be
defined on cyto- and fibroarchitectural grounds.
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Following the pioneering work of Shute and Lewis ('67)
several lines of evidence have confirmed the presence of
cholinergic terminals in the olfactory bulb (OB). The OB
has been shown to contain acetylcholine (Vizi and Palkovits, '781, choline acetyltransferase (ChAT-Godfrey et al.,
'80a; Jaffe and Cuello, '801, acetylcholinesterase (AChEShute and Lewis, '67; Godfrey et al., '80a), as well as receptor sites for cholinergic agonists (Salvaterra et al., '75). The
cholinergic innervation of the OB seems to originate primarily from extrinsic sources, since transection of the olfactory peduncle results in an almost complete depletion of
ChAT and a substantial reduction of AChE activity (Godfiey et al., '80a).
Several studies have identified the nucleus of the horizontal limb of the diagonal band (HDB) as one of the main
sources of afferents to the OB (Price and Powell, '70; de
Olmos et al., '78). Recent biochemical studies, furthermore,
have shown that the loss of ChAT and AChE activity in the
OB is directly proportional to the extent of damage to the
HDB (Wenk et al., '77; Macrides et al., '81). While these
data support the notion that the major portion of cholinergic projections to the OB orignate in the HDB, a recent
quantitative study (Carson, '84) suggested that half of the
AChE-positivebulbopetal cells are located outside the HDB,
in such structures as the hypothalamus, locus coeruleus,
etc. However, since AChE is a less reliable marker for
cholinergic neurons than ChAT (Fonnum, '73; Eckenstein
and Sofroniew, '83; Levey et al., '83a), the distribution of
cholinergic bulbopetal neuron needs to be investigated with
the recently developed monoclonal antibodies (Eckenstein
and Thoenen, '82; Levey et al., '83b) against choline
acetyltransferase.
Preliminary results (Rye et al., '84; Woolf et al., '84) have
shown that only 10-20% of the bulbopetal neurons in the
HDB are ChAT-positive. Therefore, the majority of the bulbopetal neurons in the HDB most likely contain another
transmitter. Since some of the centrifugal fibers to the OB
might be GABAergic (Halasz et al., '79; Godfrey et al.,
'80b), bulbopetal neurons were also examined for their content of glutamic acid decarboxylase (GAD), the enzyme
which synthesizes GABA.

MATERIALSAND METHODS
Experimental animals and surgery
Twenty-one male Sprague-Dawley rats weighing 150-200
g were anesthetized with Chloropent (3.3 mkg; Fort Dodge
Laboratories, Fort Dodge, IA) and injections were made
with the aid of a Kopf stereotaxic apparatus. The following
fluorescent tracers were used Fast Blue (FBI, True Blue
(TB), and Nuclear Yellow (NY). NY and TB were dissolved
in distilled water and used as a 1% solution, while FB was
used as a 10%solution in 2% dimethylsulfoxide. The tracers
were deposited in the olfactory bulb (n = 18) with a 1-pl
Hamilton syringe with a glass micropipette (inside diameter 100 pm) glued to the tip. Usually four to five injections
(100 nl each) were made into the rostral half of the OB.
In order to compare the topography of bulbopetal neurons
with other projection neurons in the HDB, we made multi-

ple injections of TB in the neocortex of one animal. Another
animal received multiple injections in the olfactory-entorhinal cortices, and a third a large injection in the visual
cortex.

Perfusion of the animals
Following survival times of 1-2 days for NY (n = 31, and
1-2 weeks for FB (n = 14) or TB (n = 4) injections, the rats
were perfused transcardially with saline followed by a fixative containing 4% paraformaldehyde, 1%tannic acid, and
2.5% magnesium sulphate. In four animals, 100 pg of colchicine (dissolved in 20 pl saline) was injected into the
lateral ventricle 10 days after the FB injection, and the
animals were perfused 2 days later. Following the perfusion, the brains were removed from the skull and placed in
a 30% sucrose solution containing 0.1 M sodium phosphate
buffer pH 7.4 (PB) for 2 days at 4°C.

Immunohistochemistry
Frontal (n = 17) or sagittal (n = 4) sections 30 pm thick
were cut on a cryostat. For visualization of bulbopetal cholinergic cells which were also retrogradely labeled, six series of sections were collected and processed as follows. For
analysis of retrograde transport, two series of sections were
thawed and mounted on pig-gelled slides. The first series
was coverslipped with DPX (BDH Chemicals, Ltd.) without
further processing. The second series of sections was NissI
stained. Four series were collected without thawing in an
antifreeze buffer (1% Polyvinylpyrrolidone and 40% ethylene glycol in 0.1 M potassium acetate buffer, pH 6.5; Young
et al., '84) for immunocytochemical staining and stored at
-20°C until processed. They were processed with the indirect immunofluorescence technique of Coons and collaborators (see Coons, '58). All incubations were made in a
solution consisting of 0.25% lambda carrageenan (Sigma)
and 0.3-0.5% Triton X-100 in 0.1 M PB.
One series of sections was incubated overnight (12-18
hours) at 4°C in a 1:lO dilution of a monoclonal rat antiChAT antibody (Eckenstein and Thoenen, '82). The sections
were rinsed and then incubated for 1hour with rhodamine
isothiocyanate (R1TC)-conjugated rabbit antirat IgG (150,
Capell Labs) at room temperature. Subsequently, sections
were rinsed in PB, mounted, and coverslipped with glycerol
buffered with 0.1 M lithium carbonate (3:1, pH 8.5). An
adjacent series of sections was incubated in sheep anti-GAD
antibody (1:1,000; Oertel et al., '81) overnight at 4°C followed by fluorescein isothiocyanate (F1TC)-conjugatedrabbit antisheep IgG (1:100, 22°C; Miles Biochemicals). The
fifth series of sections was incubated in a solution containing both rat anti-ChAT (1:lO) and sheep anti-GAD (1:1,000)
antibodies and then in a mixture of RITC-conjugated rabbit
antirat IgG (1:50) and FITC-conjugated rabbit antisheep
antiserum (1:lOO).
The sixth series of sections was used for control experiments. Controls for specificity of single antigen immunohistochemistry included the omission of the primary antibody and the use of pre-immune serum (for GAD) or normal
rat serum (for ChAT). These experiments resulted in a
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complete loss of immunostaining. Control for double immunofluorescence experiments included incubation of sections with either primary antibody followed by the
inappropriate secondary antibody. Under these conditions,
no crossreactivity was observed. The biochemical specificity
of the antisera has been reported previously (Oertel et al.,
'81; Eckenstein and Thoenen, '82).
The four colchicine-injected rats were used for visualization of bulbopetal retrogradely labeled cells which also contained GAD immunoreactivity. One series was used for
Nissl staining, another for analysis of retrograde labeling,
and two additional series were used for immunostaining of
GAD and ChAT, respectively. The fifth series of sections
served as controls. Since FB retrogradely labeled cells are
visible when using the ultraviolet or the FITC filter, only
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Fig. 1. A. Photomicrograph of a frontal section stained with Luxol fast
blue-cresyl violet. a and b are compartments of the MFB. B. The ventral
pallidum as delineated by the heavy GAD staining in a section close to that
shown in A. Inset in B shows the same section under darkfield illumination.
The outline of the medial forebrain bundle area is superimposed on the
GAD-immunopositivefield. Arrows show the same vessel. Arrowhead points
to a pallidal GAD-positive bridge. Scale: 100 pm.
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d ' i C labeled secondary antibodies were used both for C U T
(rabbit antirat IgG coupled to RITC) and GAD (RITC-conjugated rabbit antisheep IaG). Cells labeled with FB alone
are not visible with the RITC filter.
By using a Zeiss epifluorescent microscope with appropriate filters, the FB-labeled projection neurons (exciterbarrier filter set 365/418 nm) and the rhodamine-labeled ChATpositive cells (RITC filter set 546/590nm) could be separately visualized in the same section. The FITC-labeled
GAD terminal field (FITC exciterharrier filter set 450490/520 nm) was used for identification of the ventral pallidum in the same (double immunostaining) or adjacent
sections. When studying the location of retrogradely labeled GAD-immunoreactive neurons, the blue projection
neurons and the red GAD-positive cells (RITC) and terminals were separately visualized in the same section, with
the aid of the corresponding filter set. Labeled neurons
were charted by using a n X-Y plotter coupled to the microscope stage. For better identification of the anatomical
landmarks, these maps were compared with the projected
images from adjacent Nissl sections. To delineate the thick
myelinated fiber component of the medial forebrain bundle
and the diagonal band, photographs of the immunofluorescent sections were made with darkfield illumination. After
photography, the coverslips were removed and the immunostained sections were stained either with cresyl violet or
toluidine blue for cytoarchitectonic studies. In addition, a
standard set of Luxol fast blue-cresl violet-stained frontal
sections, as well as a series of horizontal sections stained
for Nissl and C U T immunoreactivity, were used to study
the morphological and histochemical features of the basal
forebrain. To estimate the relationship between immunopositive, projection, and double-labeled neurons, the number of labeled cells were counted in seven animals (four
stained for ChAT and three for GAD) for three adjacent
frontal sections a t the level of the crossing of the anterior
commissure. Brains from animals with cortical injections
were processed only for the visualization of retrogradely
transported fluorescent tracers.

RESULTS
Structural survey of the rostroventral forebrain
Before describing the location of retrogradely labeled
ChAT- and GAD-positive cells, some of the rostra1 forebrain
areas containing such cells will be discussed.
Medial forebrain bundle. Aided by the Kluver-Barrera
stain, Nieuwenhuys et al. ('82) distinguished several compartments in the medial forebrain bundle (MFB) based
primarily on the presence of fibers of a particular size,
density of the fibers, and topographical position. Cornpartments characterized by coarsely myelinated fibers, e.g., a,
al, b according to the nomenclature used by Nieuwenhuys
and his collaborators, stand out clearly in Luxol fast bluecresyl violet-stained sections (Figs. IA, 2A) and can be used
as landmarks in order to describe more precisely the location of bulbopetal neurons. The a compartment is composed
of fibers that course longitudinally in the lateral part of the
MFB. This compartment can be recognized throughout the
rostrocaudal extent of the basal forebrain and is easily
visible under darkfield illumination in unstained or fluorescent sections (Fig. lB, inset). The b compartment consists of coarse, myelinated fibers similar to those of the a
compartment, but the fibers are running diagonally in the
frontal plane (Fig. 1A). This compartment contains fibers of
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Fig. 2. A. Photomicrograph of a frontal section, approximately 300 pm
caudal to Figure lA, stained with Lux01 fast blue-cresyl violet. Asterisks
indicate the ventral border of the HDB. Arrow points to the border between
the a and b compartments of the MFB. B. The different subdivisions of the

_-

HDB in a Nissl-stained section approximately at the same level as in Figure
2A. mM = medial tip, dM = dorsomedial, vM = ventromedial, L = lateral,
V = ventral. Scale: 100 p i .
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the diagonal band and is located medial to the a compartment. Rostrally, the two compartments are separated by a
“gap” that is largely free of myelinated fibers (Fig. 1A).
This “gap” narrows caudally and finally disappears at the
level of the crossing of the anterior commissure. Since the
direction of the fibers is different in the a and b compartments, they still can be recognized at the level shown in
Figure ZA, whereas more caudally, the b compartment
merges with the a compartment and the two parts can no
longer be identified. The al area, which is located above the
a compartment, consists of a smaller number of scattered
coarse myelinated fibers (Fig. 2A).
Ventral pallidurn. A large area of the ventral rostral
forebrain has been identified by Heimer and Wilson (’75) as
the ventral pallidum (VP). This area extends into the polymorph layer of the olfactory tubercle (Heimer, ’78; Switzer
et al., ’82; Haber and Nauta, ’83) and is in continuity with
the main body of the globus pallidus behind the anterior
commissure. When sections are stained with a typical “pallidal” marker such as GAD (Zaborszky et al., ’82), it is easy
to appreciate that the VP is being penetrated by the heavily
myelinated fiber bundles of the ME’B (Fig. 1B).At the level
of the rostral half of the olfactory tubercle (Fig. 4A), the
myelinated fascicles of the medial forebrain bundle occupy
a dorsal position in the VP. Further back where the VP
expands in a dorsal direction, the heavily myelinated a
compartment is in a relatively more ventral position within
the VP, thereby dividing it into a large subcommissural
part and a thinner ventral part located primarily within
the polymorph layer of the olfactory tubercle (Fig. 1B). The
subdivision, however, is not complete, since GAD-positive
“pallidal bridges” between the myelinated fiber bundles
(arrowhead in Fig. 1B) indicate the continuity between the
two parts of the V P indeed, at higher magnification it
appears that the long pallidal dendrites covered with GADpositive terminals pervade the various bundles of the a
compartment in varying degree (Fig. 1B). In spite of the
fact that VP dendrites interdigitate with the bundles of the
MFB, Nissl-stained preparations do indicate a distinct difference between cells in the area of the medial forebrain
bundle and the surrounding VP areas. Whereas the a compartment is characterized by loosely arranged large triangular cells, the ventral pallidum contains somewhat
smaller, round or fusiform cells.
The nucleus of the vertical limb of the diagonal band
O B ) merges imperceptibly with the medial septa1 nucleus
dorsally, and it continues caudally at an obtuse angle into
a diagonal wing. This wing, which approaches the horizongal plane at the medial edge of the olfactory tubercle, is
defined as the ventral part of the VDB. Whereas the dorsal
part of the VDB contains small cells, the cells tend to
become larger in its ventral part. The cells that are located
in the angular portion next to the brain surface are aligned
parallel to the surrounding fibers of the diagonal band. The
aggregation of cells that we refer to as the nucleus of the
horizontal limb of the diagonal band (HDB) appears rostrally approximately at the level of the crossing of the
anterior commissure (Figs. ZB, 4D) and can be followed
caudally for about a millimeter. It should be noted, however, that the distinction between VDB and HDB is made
on topographical grounds only, and the boundary between
the two parts of the nucleus of the diagonal band complex
cannot be defined on the basis of any histological criteria.
The HDB overlaps the areas occupied by the u, al, and b
compartments of the MFB, and we also include an elon-
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gated area ventral to the a and b compartments. This part,
which is labeled V in Figure 2B, contains a few myelinated
fibers, which appear to be continuous with fibers in the b
compartment. The b compartment corresponds largely to
the area labeled mM (Fig. 2B), which contains many smallto-medium-sized cells intermingled with a few large multiangular cells. The large lateral half of the HDB, labeled
L (Fig. ZB), contains loosely arranged, mostly large (20-25
X 8-15 pm), triangular or fusiform cells. This area seems
to overlap to a large extent, at least, with the a compartment. Between these two areas the HDB has a rather
heterogeneous cytoarchitecture, with loosely arranged medium-to-large cells in its dorsal part (dM, Fig. 2B). Ventral
to the b compartment, medium-to-large cells are located in
a somewhat more compact arrangement, and they are usually somewhat darker in Nissl preparations (uM, Fig. 2B).
In part V(Fig. 2B) mostly small cells can be recognized and
their main axis are aligned parallel to the brain surface. In
the lateral part of area
a few larger multiangular cells
can be seen. More caudally, where the b compartment is no
longer visible, the HDB is characterized by a collection of
large cells, which are flanked by small-to-medium-sized
cells.
The term substantia innoninata (SI) has traditionally
been used to describe an extensive territory deep to the
olfactory tubercle, and stretching from the hypothalamus
and bed nucleus of the stria terminals medially, to the
amygdala laterally. Since the rostral part of this area, which
is located underneath the lateral extension of the anterior
commissure, and which is sometimes known as the subcommissural SZ,in large part represents the ventral pallidum,
we restrict the use of the term SI to the more caudal sublenticular part. This part, the sublenticular SZ,extends underneath the rostral half of the lentiform nucleus (Miodonski,
’67).

Location of the injection sites
All olfactory bulb injections were confined to the rostral
half of the olfactory bulb. The two cases in Figure 3A and
C show the greatest extension of the injection site in the
frontal plane. All layers of the OB were involved in practically all cases. The sagittal section in Figure 3B demonstrates the caudal extent of a typical injection. The accessory
OB and the anterior olfactory nucleus were not included in
any of the injections. In the three animals with cortical
injections, one had multiple injections covering most of the
neocortex except parietal areas 1and 2, and temporal areas
14,39, and 40. Most of the cingulate cortex, however, was
included. In another animal, the multiple tracer injections
involved large superficial parts of the olfactory cortex and
the rostral half of the entorhinal cortex. The third cortical
injection was restricted to the primary visual cortex.

Retrograde cell labeling in the rostral forebrain
following olfactory bulb injections combined with
ChAT immunohistochemistry
Figure 4 summarizes schematically the topographical distribution of bulbopetal projection neurons and cholinergic
neurons in the rostral forebrain. For the sake of simplicity,
only projection neurons located in structures that contain
cholinergic neurons are depicted, and the bulbopetal neurons in such structures as the olfactory cortex and endopiriform nucleus are not indicated.
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Fig. 3. Injection placement in the frontal (A and C ) and sagittal plane (B). Note that the tracer infiltrated all
layers of the bulb, but is restricted to the rostral half. Scale in B and C 1mm.

Brief description of the cholinergic neumns in the rostra1
forebrain. Rostrally (Fig. 4A), ChAT-containing cells are
located in the ventral two-thirds of the VDB, whereas at a
slightly more caudal level (Fig. 4B) the ChAT cells extend
more dorsally. The somewhat smaller, lighter-stained
ChAT-positive cells in the dorsolateral part of the VDB
constitute a population that can be distinguished from the
larger and intensely stained ChAT-positive cells located
ventrally. The ventral cell population is rather dense medially, while the cells tend to be more loosely arranged in
its lateral part. This part extends to the medial aspect of
the olfactory tubercle where it usually covers the most
medial island of Calleja on its dorsal side (Figs. 4C, 5).
Slightly more caudal, the cholinergic cells in the ventromedial portion of the VDB (Fig. 6A ) form a ring, which
consists of three to six layers of cells, usually with a small
gap in its dorsolateral aspect. Comparing the fluorescent
photomicrographs with the Nissl staining of the same section shows that the ChAT-containing cells in the ventral
part of the VDB are often round or elongated, and measure
on the average 20 x 8 pm (long x short diameters), while
the noncholinergic cells in the same area are usually somewhat larger and measure about 25 X 12-15 pm. Many
cholinergic cells are located within the medial part of HDB
composing the parts labeled mM, uM,and d M (Fig. 2B),
whereas only a few scattered ChAT-containing cells are
present in the L portion. A large number of ChAT-positive
cells are also located in the angle between the HDB and
the VP (Fig. 4E,F) in an area that for want of a better term
might be referred to as the lateral preoptic area &PO). The
cholinergic cells in the LPO, which have a tendency to form
several crescent-shaped arches, are directly continuous with
the ChAT-positive cells in the HDB, as well as with ChATpositive cells in the surrounding pallidal and peripallidal
areas including the sublenticular SI (Fig. 4F).
Location of chotinergic and nonchotinergic bulbopetat
neurons. Only a few tracer-positive (TP) cells are located
at rostral levels, mostly in the ventrolateral part of the
VDB, and among the fiber bundles of the MFB (Fig. 4A,B).
The number of double-labeled cells varies between 2 and
10kection (Figs. 5, 6). The double-labeled cells are often
arranged in clusters, as in the dorsolateral portion of the

“ringlike” formation shown in Figure 6A. The number of
TP and double-labeled cells increases dramatically at the
level of the crossing of the anterior commissure (Fig. 4D).
The double-labeled cells are mainly located in the d M and
uM parts of the HDB (Fig. 7C). Although the lateral half of
the HDB, i.e., the L part, contains only a n occasional double-labeled cell, it holds the majority of the noncholinergic
bulbopetal neurons (Fig. 4D-F). The noncholinergic retrogradely labeled neurons in the lateral part of the HDB
measure approximately 22 x 13 pm, which makes them
somewhat larger than the cholinergic bulbopetal neurons
in the medial portion, which measure 17 x 14 pm. The
concentration of bulbopetal cholinergic neurons within a
restricted part of HDB (Fig. 7B) has stimulated our attempts to subdivide the nucleus as indicated in Figure 2B.
A large number of double-labeled cells emerge from the
dorsal border of the HDB and cross the LPO (Fig. 4E,F)
toward the sublenticular SI in a diagonal fashion. Further
caudally, the bulk of TP cells are located mainly in the
middle portion of the HDB, which is almost devoid of ChATpositive and double-labeled cells (Fig. 8). A few noncholinergic TP cells also appear more caudally in the hypothalamic portion of the MFB, in the zona incerta, the
tuberomamillary nucleus, and the periaqueductal gray.
According to our estimate, about one-fifth of all cholinergic cells in the HDB at the level of the crossing of the
anterior commissure are bulbopetal. Incidentally, one-fifth
of all retrogradely labeled cells are also cholinergic. Table
1, which shows the number and percentile distribution of
labeled cells in the various portions of the HDB, indicates

TABLE 1. Average Number and Percentile Distribution (in parentheses) of
NeuronsiSection in Different Portions’ of the HDB

Nissl
ChAT (single)
TP (single)
Double-labeled

mM

dM+vM

L

V

131 (20.7)
28 (26.4)
0 (0.0)

199 (31.4)
40 (37.7)
18 (17.3)
20 (95.2)

242 (38.2)
28 (26.4)
76 (73.0)
1 (4.7)

60 (9.5)
10 (9.4)
10 (9.6)
0 (0.0)

‘Shown in Figure 2B.

0 (0.0)

Total
632 (100)
106 (100)
104 (100)
21 (100)
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that the large majority of the double-labeled cells, i.e., 95%,
while 73% of the
are in the medial portion (dM + UM,
noncholinergic bulbopetal neurons are in the lateral portion (L). Tracer-negative ChAT-containing cells are distributed in all parts of the HDB, although their density is
different in the various portions, with the highest concentration in its medial half represented by mM, dM,and vM.
In fact, there are no double-labeled cells, and only an occasional TP cell in the most medial part of HDB, i.e., the mM
part (Fig. 7). The ventral part (V) of the HDB, likewise,
contains only a n insignificant number of retrogradely labeled cells. Analysis of sections counterstained with Nissl
indicates that all parts of the HDB contain cells that are
neither ChAT- nor tracer-positive.

Location of GAD-positiveprojection neurons

I

Figure 9 summarizes schematically the topographical distribution of bulbopetal projection neurons and GAD-containing cells in the forebrain. For the sake of simplicity,
only GAD neurons that are located in structures that project to the bulb are depicted, and GAD-positive neurons in
the dorsal and ventral striatum and the medial hypothalamus are not indicated. In addition, cells that are only retrogradely labeled in the nucleus of the lateral olfactory tract,
olfactory cortex, and amygdaloid nuclei are omitted, and
only double-labeled cells and neurons positive for GAD
immunoreactivity are indicated in these structures.
Brief description of GAD-containing neurons in the forebruin. GAD-positive cells are distributed diffusely
throughout the VDB. Many of the cells are fusiform in
shape with their long axis parallel to the fibers of the
diagonal band. Most of the GAD-containing cells in the
rostral part of the HDB are located in its lateral two-thirds
(Figs. 9,lo), whereas at more caudal levels (Fig. 9C) they
are more evenly distributed. The GAD-positive cells in the
lateral portion of HDB are large (20 x 12 pm) and often
multiangular in shape, whereas the GAD-positive cells in
the medial portion of the HDB tend to be small to medium
sized (10-12 x 8-10 pm). In the ventral portion (V in Fig.
2B) of the HDB, the GAD-positive cells tend to be small,
round or fusiform in shape, and more compactly organized.
A significant number of GAD-positive cells are located
ventrolateral to the HDB in the anterior amygdaloid area
(AAA).The GAD-positive cells in the AAA are in continuity
with GAD-positive cells in the deep part of the olfactory
cortex (Fig. 9 0 , where they are located mainly in layer I11
and in the endopiriform nucleus. Only a few GAD-containing cells are located in the first and second layers, in which
case they are usually located deep to the lateral olfactory
tract. The number of GAD-containing cells in the olfactory
cortex decreases gradually in a caudal direction.
GAD-positive cells are randomly distributed in the VP
and in the lateral hypothalamic area. The GAD-containing
cells in the lateral hypothalamus are continuous with GADpositive cells in the zona incerta at more caudal levels (e.g.,
Fig. 9E). The tuberomamillary nuclei also contain a few
GAD-positive cells. Among the amygdaloid nuclei projecting to the OB, the nucleus of the lateral olfactory tract, the
medial and posteromedial cortical nuclei contain a few
GAD-positive cells.
Location of bulbopetal GAD-containing neurons. Rostrally (Fig. 9A), several double-labeled cells can be found in
the VP and in the ventrolateral part of the VDB. Doublelabeled cells are numerous in the lateral portions of the
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HDB at or slightly caudal to the level of the crossing of the
anterior commissure (Fig. 9B,C). Analysis of sections counterstained with toluidine blue (Fig. 11)provide the opportunity to subdivide the cells in the HDB into the following
four categories: (1)GAD-containing cells projecting to the
OB, (2) GAD-containing cells that do not project to the OB,
(3) retrogradely labeled cells that apparently do not contain
GAD, and (4) cells that are neither positive for the retrograde tracer nor for GAD. About 33% of the GAD-positive
neurons in the HDB seem to project to the OB, and about
30% of all retrogradely labeled cells in the HDB are
GABAergic.
Further caudally, at the level of anterolateral hypothalamic area (Fig. 9D), a large number of double-labeled cells
are located in its ventrolateral part. These cells are large,
multiangular, and measure about 25 x 18 pm. Further
caudally, the lateral hypothalamic area contains an occasional double-labeled cell (Fig. 9E), but most of the retrogradely labeled cells at this level are GAD-negative. A few
cells in the tuberomamillary nucleus (Fig. 9F) are also
double labeled, as are some cells in the sublenticular substantia innominata (Fig. 9C), the anterior amygdaloid area
(Fig. 9C), the olfactory cortex, mainly in its rostral part
(Fig. 9A-D), and in the nucleus of the lateral olfactory tract
(Fig. 9D).

Location of corticopetal projection neurons in the
HDB
Following multiple injections of TB in the neocortex, or
large injection into the visual cortex, retrogradely labeled
neurons within the HDB were located only in its most
medial part. After multiple injections of TB, which covered
most of the olfactory cortex and the rostral part of the
entorhinal cortex, retrogradely labeled neurons were located mainly in the ventral part of the HDB, labeled C:
although a few tracer-positive neurons were also observed
in a more dorsal position, largely corresponding to the dM
portion of the HDB. These results are schematically summarized in Figure 12.

DISCUSSION
Comments on the nomenclature of the nucleus of
diagonal band complex
Considerable confusion exists in the literature in regard
to the definition and subdivision of the diagonal band nuclear complex. We have used the nomenclature adopted by
Paxinos and Watson (’82) following the suggestions by Price
and Powell (‘70), Heimer (‘781, de Olmos et al. (’78),Haberly
and Price (‘78), Macrides et al. (‘Sl),and ShipIey and Adamek (‘84). According to their interpretation, the nuclei of
the diagnonal band occupy an extensive territory that
stretches diagonally from the septum rostromedially to the
anterior amygdaloid area caudolaterally. The area that contains the large majority of bulbopetal projection neurons in
the rat’s basal forebrain region was identified as the nucleus of the horizontal limb of the diagonal band (HDB) by
Price and Powell (‘70). It should be mentioned that in our
scheme, the HDB includes two territories, the rnM and V
(Fig. ZB), which contain only a few bulbopetal neurons, but
many corticopetal projection neurons.
Many others restrict the term “nucleus of the diagonal
band” to the nucleus of the vertical limb of the diagonal
band as defined in the present account (e.g., de Groot, ’59).
In this more restricted definition, the nucleus of the diago-

L. ZhORSZKY ET AL.

496

VDB

Fig. 4. Chartings of cholinergw (filled circles), retrogradely labeled (open
circles), and double-labeled cells (asterisks) in a series of frontal sections
following a n injection of FB into the olfactory bulb. The ventral pallidum is
delineated on the basis of immunohistochemcial localization of GAD-posi-

tive terminal fields in the same section with a double-label immunohistochemical protocol. The thickly myelinated fiber bundles of the medial
forebrain bundle, which were visualized with darkfield illumination of the
same sections, are delineated by dashed lines.
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Figure 4 (cont’d)

CHOLINERGIC AND GABAERGIC PROJECTIONS
nal band is usually subdivided into a septal, or vertical,
component, and a ventral, basal, or tubercular component,
the ventrolateral part of which is referred to as the horizontal limb of the diagonal band (Raisman, '66; Meibach and
Siegel, '77; Slotnick and Hersch, '80; Kohler et al., '84).
Furthermore, the large-celled area that is embedded in the
heavily myelinated a compartment of the MFB, and which
is part of the HDB in the present account, is often referred
to as the magnocellular preoptic nucleus (see also Loo, '31;
Krieg, '32; Fox, '40; Swanson, '76; Davies et al., '78; Armstrong et al., '82; Nieuwenhuys et al., '82; Saper, '84). It has
also been called the interstitial nucleus of the septal portion
of the MFB by Gurdjian ('27).
In an apparent effort to facilitate a comparison between
species some authors (e.g., Herkenham and Nauta, '77;
Beckstead, '78; Levey et al., '83a) have even referred to the
HDB as nucleus basalis,' especially since that part of the
diagonal band nuclear complex contains many corticopetal
cholinergic neurons in the rat. One should emphasize, however, that there is little consensus regarding the use of the
term nucleus basalis in rat. Gony ('631, for instance, has
questioned the existence of a nucleus basalis in rat, whereas
Cuello and Sofroniew ('84) have referred to the pronounced
peripallidal collection of ChAT cells as the basal nucleus of
Meynert. Finally, it is worth mentioning that the area of
the HDB of the present account is sometimes included in
the general area of the substantia innominata (Cragg, '62),
or the lateral preoptic area (Rieck and Carey, '84).
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Cajal's ('11)description of centrifugal fibers to the olfactory bulb has been confirmed in a number of experimental
studies in different species, such as rat (Price and Powell,
'70; Divac, '75; Swanson, '76; Shafa and Meisami, '77;
Broadwell and Jacobowitz, '78; De Olmos et al., '78; Haberly and Price, '78; Heimer, '78; Ferreyra-Moyano and
Molina, '82; Luskin and Price, '83); mouse (Shipley and
Adamek, '84;Carson, '84),cat (Dennis and Kerr, '761, hamster (Davis et al., '78; Davis and Macrides, '811, rabbit
(Cragg, '62; Broadwell and Jacobowitz, '78), and monkey
(Mesulam et al., '83b). A recent quantitative study in mouse
(Carson, '84) showed that 90% of the retrogradely labeled
cells following injections in the olfactory bulb are located in
the anterior olfactory nucleus and olfactory cortex, whereas
the rest are distributed in other forebrain and brainstem
regions. Among these other structures, the most heavily
labeled was the HDB (3.5%),while considerably fewer cells
were seen in the ventral part of the VDB (0.2%).Our findings are in general agreement with the investigations in
the rat.
As indicated in the beginning of this paper, the results

obtained in several studies that used different techniques
such as lesion combined with biochemistry (Wenk et al.,
'77; Godfrey et al.,' 80a; Macrides et al., '811, or retrograde
tracing of HRP combined with AChE histochemistry (Brodwell and Jacobwitz, '78; Mesulam et al., '83a,b; Carson,
'841, have suggested that neurons in the HDB constitute a
major source of cholinergic afferents to the OB. Our own
studies, like those by Rye et al. ('84),who also used ChAT
as a marker for cholinergic neurons, are consistent with
this proposition, and they also show that most of the cholinergic bulbopetal neurons are located in the medial half of
the HDB. In addition, a few cholinergic bulbopetal neurons
are found in the lateral part of the HDB, the ventrocaudal
part of the nucleus of the VDB, and in the sublenticular SI.
The bulbopetal neurons in the brainstem, on the other
hand, do not contain C U T .
Compared to the study of the bulbopetal cholinergic projections, which has been technically straightforward with
no serious problems of interpretation, the elucidation of the
GABAergic input to the olfactory bulb has been considerably more difficult for several reasons. For instance, the
GAD-positive neurons do exhibit a less bright immunofluorescence than ChAT-reactive neurons in our material. The
presence of GAD-positive puncta around the cell bodies
(Fig. 10, inset), furthermore, makes it difficult at times to
determine if a cell is GAD-positive or not, and we may well
have underestimated the number of GAD-containing bulbopetal neurons. Nevertheless, our results indicate that the
GABAergic input to the OB is more massive than the
cholinergic projection. Indeed, at least 30%of all bulbopetal
projection neurons in the HDB seem to be GABAergic.
Although GAD-positive bulbopetal cells were relatively
sparsely distributed in the olfactory cortex, the GABAergic
projection from the olfactory cortex to the olfactory bulb
may still be of great significance considering the large area
occupied by the olfactory cortex. Large GABAergic bulbopetal neurons similar to those in the lateral part of the
HDB were located both rostra1 and caudal to the HDB
among the fascicles of the MFB. Although these neurons
seemed to be associated mainly with the a compartment of
the MFB, some were clearly located in the VP, as delineated by ther heavy GAD staining (Zaborszky et al., '82). It
is interesting to note that bulbopetal neurons located in the
VP may be in a position to receive fibers from the striatal
part of the olfactory tubercle (Heimer, '78), thereby establishing an olfactory feedback loop, which is characteristic
for cortical and amygdaloid structures receiving afferents
from the olfactory bulb, but which seem to be lacking for
the subc&cal bulbopetal neurons in the HDB. A few GADpositive bulbopetal neurons, finally, are located in the lateral part of the caudal hypothalamus and the tuberomamillary nucleus, thereby sharing the same general location
as other GABAergic neurons projecting to the neocortex
(Vincent et al., '83).

Fig. 5. Distribution of cholinergic (A) and retrogradely labeled (C) neurons in the vertical limb of the diagonal band in the same section with the
appropriate filter set. B. The corresponding Nissl picture of the same section, restained after taking the fluorescent pictures. Note the smaller cholinergic cells in the hilus of the insula Calleja. D. Darkfield low-power
picture. Dashed right angle in (D) delineates the area shown in Figure AC. Large arrow p i n t s to a vessel that can be seen in all micrographs. Small
m o w = double-labeled cells. Small arrow with the bar points to a double.
labeled neuron which is easily recognizable in the Nissl picture. Scale: 100
fim.

lThe basal nucleus of Meynert, as defined in man by Koelliker
of large hyperchromic, aggregated and nona5pe.
in 1896,
gated neurons within the substantia innominata (J~~~~ et al., 76).
become apparent that
Of the monkey
It ha'
nucleus basalis and associated cell groups project widely upon the
COrtiCal mantle (Divac, '75; Kievit and Kuypers, '75; Mesularn and
van Hoesen, '76; Mesulam e t al., '83b).

The basal forebrain cholinergic and GABAergic
projection systems to the olfactory bulb
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labeled (B) neurons in the HDB just caudal of the anterior commissure. C.
Shows schematically the location of cholinergic (filled circles), retrogradely
labeled (open circles), and double-labeled cells (asterisks) in the same sec-
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section of Figure 2B. Arrow points to a double-labeled cell in the lateral
portion of the HDB. Scale: 100 pm.

Fig. 6. Distribution of cholinergic (A) and retrogradely labeled (C) cells era1 portion, medial to the cerebral artery (asterisk). B. Restained Nissl
just caudal to Figure 5. Note the prominent “ringlike” formation of ChAT picture of the same section. D. Darkfield illumination picture of the same
cells in A. A group of double-labeled cells (arrow) are located a t the dorsolat- section. Box in (D) delineates the area shown in Figure A-C. Scale: 100 urn.
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Fig. 8. Distribution of cholinergic (A) and retrogradely labeled (B)cells in the caudal part of the HDB. Doublelabeled cells are indicated by arrows. Inset shows the outline of the HDB. Scale: 100 pm.

CP

Fig. 9. Schematic illustration of the distribution of GABAergic (filled circles), retrogradely labeled (open circles)
and double-labeled (asterisks) cells in a series of frontal sections after FB injection into the olfactory bulb.

Figure 9 (cont’d)
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Fig. 10. Distribution of GAD-containing cells in the HDB and medial part of the olfactory cortex. Inset shows
the boxed area with higher magnification. Note the GAD-negative cell (arrow) that is surrounded by GAD-positive
puncta. Scale: 100 gm.

and tyrosine hydroxylase (Davis and Macrides, '83hcontaining cells have also been described. It is not possible at this
time to give a full account of the various projection neurons
It is becoming increasingly clear that the HDB is charac- as they relate to the above-mentioned transmitters. Howterized by great morphological and histochemical hetero- ever, a mere comparison between the corticopetal and bulgeneity, and by a variety of projections to many parts of the bopetal neurons and their relations to the cyto- and fiber
CNS. For instance, the HDB contains cells which project architecture of the area of the ME'B reveals some interestnot only to the olfactoy bulb and anterior olfactory nucleus ing organizational features. The map of the HDB presented
(Jacobwitz and Creed, '831, but also to the hippocampus in Figure 12, for instance, indicates the general location of
(Wyss et al., '79; McKinney et al., '831, entorhinal cortex cells projecting to the neocortex (area with vertical lines)
(Beckstead, '78; Saper, '84), olfactory cortex (Luskin and and to the olfactory-entorhinal cortices (horizontal lines).
Price, '82; Saper, '841, different neocortical regions WC- Superimposed on this pattern are a number of dots that
Kinney et al., '83; Lamour et al., '82; '84; *ice and Stern, represent bulbopetal noncholinergic projection neurons, as
'831, mediodorsal nucleus of the thalamus (Young et al., well as several asterisks representing cholinergic bulbope'84), as well as the nuclei gemini (unpublished observation) tal neurons. The cells projecting to the neocortex are clear'
and possibly other targets in the diencephalon and brain- located in the medial part of HDB, represented primar
stem. It is obvious, however, that the large majority of the by the m M compartment and to a lesser extent by the (
cells project to the cerebral cortex and olfactory bulb.
and U M compartments. The most medial compartment
Although cholinergic and GABAergic neurons seem to the HDB, i.e., the mM, which by all published accou
account for a large number of cells in the HDB (Brashear seems to contain the large majority of the neocortical n
et al., '85), substance P (Inakagi et al., '821, enkephalin rons, also contains a large number of cholinergic neuro
(Finley et al., '81), somatostatin (Bennett-Clarke et al., '80), and the work by Rye et al. ('84) has in fact established tl

The nucleus of the horizontal limb of the diagonal
band (HDB)

Fig. 11. Photomicrographs of the HDB illustrate the labeling In tissue
section stained for the simultaneous visualization of retrograde tracer (C)
and GAD (E). A. Shows the darkfield image of the fluorescent section. The
boxed area is shown in (B). B. The same section after counterstained with
toluidin blue. D is an enlarged view of the boxed area in B. Horizontal

arrows (in C, D, E) show cells demonstrating both retrogradely transported
FB and GAD immunoreactivity. Arrowhead (D, E) indicates neuron labeled
only with GAD. Open arrow (C, D) marks a cell labeled only with the
retrograde tracer. Scale: A. 1mm, B,C,D,E: 100 pm.

the majority of the corticopetal neurons in this region are
cholinergic. Whereas the dorsal and ventral parts; of the
medial subdivision, labeled dM and vM,contain most of the
bulbopetal cholinergic neurons, the majority of the bulbopetal cells are located in the large lateral subdivision (L).
Although the transmitter for most of the bulbopetal cells in
the lateral subdivision of HDB is unknown, we have shown
that many are GABAergic and only a few are cholinergic.
The olfactory-entorhinal cortices finally receive projections
mainly from the thin sheet of cells, which is located in the
ventral part of the nucleus of the HDB.
The type of organization mentioned above can best be
appreciated a t the level of the caudal part of the olfactory

tubercle (compare Fig. ZB), but the subdivisions can also be
recognized at more rostral levels. In other words, the cells
in the HDB do have a tendency to form separate groups
according to two of the major transmitters and projection
targets, and in a way which reflects the cytoarchitectural
and fibroarchitectural compartmentalization of this part of
the rostral forebrain. The mM and V areas, which seem to
OCCUPY the regions where the diagonal band fibers gradually incorporate themselves into the MFB, contain mainly
neurons that project to the neo- and allocortex, whereas the
lateral region (L) harbors the large majority of the bulbopetal neurons. The mM region, which approximately corresponds to the area of the diagonal band fibers labeled the
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Fig. 12. Bulbopetal noncholinergic neurons (solid dots) and bulbopetal
cholinergic neurons (stars) are superimposed on a schematic drawing indicating the general location of the neurons projecting to neocortex (vertical

lines) and to olfactmyentorhinal cortices (horizonal lines) in the HDB. The
drawing represents a composite from charted sections (corresponding to the
level shown in Fig. 2B) of three different animals.

" b compartment" by Nieuwenhuys et al. ('82), contains the
large majority of the corticopetal cholinergic projection neurons, whereas the lateral part of the HDB, which largely
coincides with the a compartment of the MFB, is more
closely associated with the GABAergic projection neurons.
The chartings in Figures 4, 9, and 12, as well as the
quantitative data portrayed in Table 1,support the general
notion that each subdivision of the HDB contains, in large
part at least, a group of projection neurons, which can be
identified on the basis of transmitter content and projection
target. However, they also reveal a substantial overlap
between the various groups of projection neurons. For instance, at the region of the interface between the a and b
compartments, occupied by the subdivisions dM and vM,
there is a considerable overlap among neurons that differ
both in regard to their transmitter content as well as their
projection target. As one might expect, these are also the
regions of the HDB with the most heterogeneous cytoarchitectural pattern (Fig. 2B).

A number of studies have shown that the cholinergic
basal forebrain projection neurons in the rat are widely
dispersed throughout an extensive territory, which stretches
from the medial septa1 nucleus through the diagonal band
and ventral pallidum to the sublenticular substantia innominata and peripallidal regions (Kimura et al., '81; Armstrong et al., '83;Houser et al., '83; Mesulam et al., '83a;
Satoh et al., '83; Sofroniew et al., '83). The cholinergic
projection system, furthermore, is diffuse also in the sense
that there is a considerable overlap between neurons projecting to different target areas (e.g., Carlsen et al., '85).
The situation may be somewhat similar in regard to the
GABAergic projection system, at least if the GABAergic
neurons projecting to the olfactory bulb is an indication.
Although the majority of the GABAergic neurons projecting to the olfactory bulb are concentrated in the lateral part
of the HDB, other bulbopetal GABAergic cells are diffusely
scattered in the ventral part of the VDB, lateral preoptichypothalamic region, anterior amygdaloid area, and olfactory cortex.
The delineation of the various components of the diagonal
band nuclear complex has been difficult, and the present
study underscores the problem, especially in regard to the
definition of the nucleus of the horizontal limb of the diagonal band (HDB). The HDB as defined in this study contains a heterogeneous collection of cells with different
morphological, hodological, and histochemical characteristics. But it is possible to subdivide the nucleus based on
transmitter content and projection target of its constituent
neurons, although the various subdivisions overlap to a
considerable extent. Identifying the HDB as a nucleus is
especially dubious when one realizes that some of its more
conspicuous components do not respect its borders as conventionally drawn on the basis of Nissl-stained material.
An especially prominent example is offered by the collection of cholinergic bulbopetal projection neurons. The majority of these form a more-or-less-continuous system of
aggregated cells that appear rostrally in the VDB and
continue caudally through an intermediate part of the HDB

Concluding remarks
Whereas the basal forebrain cholinergic projection system to the cerebral cortex and olfactory bulb has been
intensively studied in recent years, the diffuse noncholinergic corticopetal and bulbopetal projection system from
the basal forebrain has received only sporadic attention
(e.g., Mesulam et al., '83a,b; Baisden et al., '84; Rye et al.,
'84; Alheid, '85). Some studies (Vincent et al., '83; Kohler
et al., '84) indicate that GABA may be an important transmitter in the noncholinergic projection system to the cerebral cortex, and our study has conclusively shown the
existence of a GABAergic bulbopetal projection system,
which is at least as prominent as the cholinergic bulbopetal
system, and whose cells of origin in part overlap with the
cholinergic projection neurons in the basal forebrain. How
and to what extent the cholinergic and GABAergic projection systems interact with each other at the level of the
target area is a question of considerable interest, especially
in regard to cortical functions and pathology.
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into the sublenticular substantia innominata. The HI)B as
identified in Nissl-stained frontal sections has little meaning from a functjonal-anatomical point of view. Clearly,
little progress can be made toward
the physthe heterogeneity Of
iolom of this Part Of the brain
the HDB is appreciated. This problem Seems to be typical
for most of the basal forebrain where various cell groups
and neuronal systems interdigitate in a very complkated
fashion.
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NOTE ADDED IN PROOF
After submission of this paper, Uemura-Sumi et al. published their finding of retrogradely labeled neurons in the
zona incerta following injections of HRP in the main olfactory bulb. (Neurosci.Lett. 53.241-2451.

