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Abstract
The basal forebrain (BF) plays an important role in modulating cortical activity and influencing
attention, learning and memory. These activities are fulfilled importantly yet not entirely by
cholinergic neurons. Noncholinergic neurons also contribute and are comprised by GABAergic
neurons and other possibly glutamatergic neurons. The aim of the present study was to estimate the
total number of cells in the BF of the rat and the proportions of that total represented by cholinergic,
GABAergic and glutamatergic neurons. For this purpose, cells were counted using unbiased
stereological methods within the medial septum, diagonal band, magnocellular preoptic nucleus,
substantia innominata and globus pallidus in sections stained for Nissl substance and/or the
neurotransmitter enzymes, choline acetyltransferase (ChAT), glutamic acid decarboxylase (GAD)
or phosphate-activated glutaminase (PAG). In Nissl-stained sections, the total number of neurons in
the BF was estimated as ~355,000 and the numbers of ChAT-immuno-positive (+) as ~22,000, GAD
+ ~119,000 and PAG+ ~316,000, corresponding to ~5%, ~35% and ~90% of the total. Thus, of the
large population of BF neurons, only a small proportion has the capacity to synthesize acetylcholine
(ACh), one third to synthesize GABA and the vast majority to synthesize glutamate (Glu). Moreover,
through the presence of PAG, a proportion of ACh- and GABA-synthesizing neurons also have the
capacity to synthesize Glu. In sections dual fluorescent immunostained for vesicular transporters,
VGluT3 and not VGluT2 was present in the cell bodies of most PAG+ and ChAT+ and half the GAD
+ cells. Given previous results showing that VGluT2 and not VGluT3 was present in BF axon
terminals and not colocalized with VAChT or VGAT, we conclude that the BF cell population
influences cortical and subcortical regions through neurons which release ACh, GABA or Glu from
their terminals but which in part can also synthesize and release Glu from their soma or dendrites.
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As evident from the devastating effects of lesions, the basal forebrain (BF) plays a critical role
in cortical and state modulation, which influences sleep-wake states, attention, learning and
memory (Damasio et al., 1985; Dunnett et al., 1991; Wenk, 1997; Sarter et al., 2003; Jones,
2004). This role has been attributed particularly to the cholinergic neurons and their widespread
projections to the allo- and neo-cortex. Yet, selective neurotoxic lesions of the cholinergic
neurons have not produced the same overwhelming effects as the total lesions of the BF (Lee
et al., 1994; Baxter et al., 1995; Gerashchenko et al., 2001), indicating that other BF neurons
participate in cortical and state modulation. It is thus important to characterize and quantify
the noncholinergic as well as cholinergic constituents of the BF cell population.

Acetylcholine (ACh)-synthesizing neurons are distributed across BF nuclei of the medial
septum-diagonal band of Broca (MS-DBB), from where they give rise to prominent projections
to hippocampus, and the magnocellular preoptic-substantia innominata-globus pallidus
(MCPO-SI-GP), from where they give rise to prominent projections to neocortex (Rye et al.,
1984). Another well defined contingent of the BF cell population contains the synthetic enzyme
for GABA. Neurons containing glutamic acid decarboxylase (GAD) are codistributed with the
those containing choline acetyltransferase (ChAT), and large GAD-positive (+) neurons project
in parallel with ChAT+ neurons from the MS-DBB to the allocortex and from the MCPO-SI-
GP to the neocortex (Kohler et al., 1984; Brashear et al., 1986; Zaborszky et al., 1986; Fisher
et al., 1988; Freund and Antal, 1988; Freund and Meskenaite, 1992; Gritti et al., 1993; Gritti
et al., 1997). In contrast to ChAT+ neurons, GAD+ neurons also give rise to important
descending projections to the hypothalamus and brainstem (Semba et al., 1989; Gritti et al.,
1994), and they likely also include local interneurons. In the BF, the GAD+ plus the ChAT+
neurons do not account for all the cortically projecting, nor for all the caudally projecting BF
neurons (Gritti et al., 1997; Gritti et al., 2003). It was thus proposed that the nonGABAergic,
noncholinergic BF neurons are likely glutamatergic neurons.

The synthesis of glutamate (Glu) as a neurotransmitter in neurons occurs from the substrate
glutamine, which is taken up from glia, and by the mitochondrial enzyme phosphate-activated
glutaminase (PAG) (Bradford et al., 1978). In immunohistochemical studies in the neocortex,
PAG was found to be contained predominantly in pyramidal neurons and rarely in GABAergic
interneurons (Donoghue et al., 1985; Kaneko and Mizuno, 1988; Akiyama et al., 1990; Kaneko
et al., 1992; Kaneko and Mizuno, 1994; Van der Gucht et al., 2003). In a previous study, we
thus utilized PAG to label Glu-synthesizing neurons in the BF (Manns et al., 2001). In that
study, we found that a major proportion of neocortically projecting BF neurons contained PAG
and would accordingly have the capacity to synthesize Glu as a neurotransmitter. By applying
stereology, we sought in the present study to determine the total numbers of ChAT+, GAD+
and PAG+ neurons along with the total number of all, Nissl-stained, neurons in the BF of the
rat.

Given that the numbers and proportions of PAG+ cells exceeded that of the ChAT-negative
(−) and GAD- cells in the present study and that a proportion of ChAT+ and GAD+ cells were
found to be PAG+ in a previous study (Manns et al., 2001), we also examined in the present
study whether ChAT+, GAD+ and/or PAG+ cells contained the vesicular transporters for Glu
(VGluT) and could thus store and release Glu as a neurotransmitter (Fremeau et al., 2001;
Fujiyama et al., 2001; Fremeau et al., 2002). Using RT-PCR or in situ for mRNA or
immunohistochemistry for protein, VGluT2 has been found to be synthesized in BF neurons
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and transported along their axons to terminals from where it is released as a neurotransmitter
and VGluT3 to be contained in BF nerve cell bodies and dendrites from where it can be released
to act as a retrograde signal (Harkany et al., 2003; Hajszan et al., 2004; Colom et al., 2005;
Danik et al., 2005; Hur and Zaborszky, 2005; Henny and Jones, 2006). Employing colchicine
treatment to block axonal transport, we examined dual immunostaining by fluorescence for
the enzymes and VGluTs to determine the proportion of each cell type that would have the
capacity to release Glu.

EXPERIMENTAL PROCEDURES
Animals and surgery

Results from six adult male Wistar rats (Charles River Canada, St. Constant, Quebec, Canada),
weighing approximately 250 grams, are reported in this study. All procedures were approved
by the McGill University Animal Care Committee and conform to standards of the Canadian
Council on Animal Care. For surgery or euthanasia, the rats were anesthetized with sodium
pentobarbital (Somnotol, 65 mg/kg, i.p.). Three rats were operated ~24 hours prior to killing
for injections of colchicine (50 μg in 25 μl saline) into the lateral ventricle, as previously applied
(Gritti et al., 1993; Gritti et al., 1997) for enhancing levels of GAD in cell bodies and here for
also enhancing levels of VGluTs within dual-immunostained tissue (below). All rats were
killed by perfusion with a fixative through the ascending aorta.

Perfusion and fixation
Brains were fixed with Zamboni’s solution, according to a slight modification of the procedure
developed by Kaneko for immunostaining of the PAG enzyme (Kaneko and Mizuno, 1988;
Kaneko et al., 1989; Manns et al., 2001). Following a brief rinse with phosphate buffered saline,
the animals were perfused through the ascending aorta with 500 ml of a modified Zamboni’s
solution of 0.3% paraformaldehyde and 75% saturated picric acid in 0.1 M sodium phosphate
buffer (pH 7.0, over ~30 minutes). The brains were post-fixed overnight at 4°C in a solution
of 3% paraformaldehyde with 75% saturated picric acid (pH 7.0). They were subsequently
immersed in a solution of 30% sucrose at 4°C for ~72 hours for cryoprotection. Brains were
then frozen at −50°C and stored at −80°C.

Immunohistochemistry
Coronal sections were cut on a freezing microtome with a thickness of 20 μm, which was
established as the thickest that allowed full and even penetration of antibodies (particularly for
PAG). The sections were collected at 400 μm intervals in twenty adjacent series used for
different immunostaining. For random starting and ordering of the series, a random number
generator was employed to determine which series would be immunostained with ChAT, GAD
or PAG in each brain. The sections were collected in phosphate buffer (pH 7.4; 0.1M).

For peroxidase immunostained series (from 3 untreated rats, G1, G2 and G3), sections were
first incubated in a Tris-saline solution (TS, 0.1 M) containing bovine serum albumin (BSA)
at 3% for prior blocking and at 1% for all other applications. As previously employed (Gritti
et al., 2003), antisera for ChAT (from rabbit, 1:2000) were obtained from Chemicon
International (Temecula, CA, USA: AB143). Also previously employed (Manns et al., 2001),
antisera for PAG (from rabbit, 1:6000) were kindly supplied by Dr. T. Kaneko (Kyoto, Japan)
who originally showed that the antisera recognizes two bands of peptides at 62 and 65 kD,
corresponding to the two isoforms of rat brain PAG (Akiyama et al., 1990). Also previously
employed (Gritti et al., 2003), antisera for GAD (from rabbit, 1:3000) were obtained from
Chemicon (AB108) and shown by them using Western Blot to recognize a 67 kD band of
protein from rat brain, corresponding to GAD67. Sections were incubated overnight at room
temperature with primary antibodies for ChAT and PAG or for three nights at 4o C with those
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for GAD. The sections were subsequently incubated with donkey anti-rabbit antiserum (1:100,
Jackson ImmunoResearch Laboratories, West Grove, PA, USA) followed by rabbit
peroxidase-antiperoxidase (PAP, 1:200, Jackson). PAP was revealed using diaminobenzidine
(DAB) in the presence of 0.1% glucose oxidase in Tris-buffer (pH 7.4) during 15 min for ChAT,
13 min for PAG and 17 min for GAD. For the PAG series, DAB was intensified with nickel
(DAB-Ni), and the sections were counterstained for Nissl using Neutral Red (NR).

For dual fluorescent immunostained series (from 3 colchicine treated rats, G5, G6 and G7),
sections were incubated in a Tris-saline solution (0.1 M) containing Triton x-100 at 0.1% and
normal donkey serum (NDS) at 3% for prior blocking and at 1% for the rest of the procedure.
The primary antibodies for VGluT2 and VGluT3 (both from guinea pig) were obtained from
Chemicon (AB5907 and AB5421, respectively) and were found in previous studies (Henny
and Jones, 2006) to provide staining similar to that published with other antibodies for these
proteins (Fremeau et al., 2001; Fremeau et al., 2002). The primary antibody for GAD (from
mouse) was obtained from Chemicon (MAB5406) and shown by them to recognize a 67 kD
band in rat brain. Sections were co-incubated overnight at room temperature with the primary
antibodies against 1) VGluT2 (1:5000) and PAG (as above), 2) VGluT3 (1:1000) and PAG (as
above), 3) VGluT3 and ChAT (as above), or 4) VGluT3 and GAD67 (1:500). The sections
were then co-incubated for 2 hours with Cy3-conjugated donkey anti-guinea pig (1:1000,
Jackson, for VGluT2 or VGluT3) and Cy2-conjugated donkey anti-rabbit (1:200, Jackson, for
ChAT or PAG) or Cy2-conjugated donkey anti-mouse (1:200, Jackson, for GAD67).

Controls were routinely carried out by replacing the primary antisera with normal sera from
the same species and at the same concentration to insure that nonspecific staining did not occur.
After processing, all sections were washed in phosphate buffer, mounted out of TS, dehydrated
through graded alcohols, delipidated in xylene and coverslipped using Permount (Fisher, Fair
Lawn, NJ, USA).

Stereological analysis
Sections were viewed using a Leica DMLB microscope equipped with an x/y/z movement-
sensitive stage and video camera connected to a computer. Cells were plotted and images
acquired for figures using Neurolucida software (MicroBrightField, MBF, Williston, VT,
USA). In three brains processed for peroxidase immunostaining, cells were counted using
StereoInvestigator software (MBF). Plotting and counting were done using a computer resident
atlas of the forebrain, which was designed according to cytoarchitectonic and
chemoarchitectonic principles (Geeraedts et al., 1990; Gritti et al., 1993). For this purpose,
outlines of sections and contours of the major nuclei were drawn in Neurolucida from series
of sections which were collected at 400 μm intervals üver-Berrera, ChAT and GAD. The
levelsstained of the atlas correspond approximately to those of the Paxinos and Watson atlas
(Paxinos and Watson, 1986), although from anterior (A) 8.6 (from interaural zero), at which
level our sections are matched to the Paxinos and Watson atlas, extending rostrally and
caudally, they differ slightly (~10% difference). For stereological estimates, cell counts were
performed within the atlas contours of the BF nuclei in 12 plotting and illustrating the
distribution of cells in the BF nuclei, cells were plotted in 6 sections at 800 μm intervals. In
each case, atlas templates using low magnification (5 or 10x) objectives. When necessary the
contours of the atlas were slightly adjusted to fit the nuclei of the histology section. Plotting
or counting was then performed within the contours at high magnification using a 63x Oil
objective with a 1.4 numerical aperture and an oil condenser. For plotting cells for illustration
of their distribution in figures using Neurolucida, all labeled neuronal cell profiles in the BF
nuclei contours were marked through the full depth of individual(20 μm thick cut) sections.

In each series of three brains (G1, G2 and G3) immunostained by peroxidase, immuno-positive
(+) or NR+ cells were counted by applying systematic unbiased sampling using the Optical
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Fractionator probe of StereoInvestigator. The cells were counted within 6 nuclei in the BF:
MS, DBB, MCPO, SIa, SIp and GP. For each nucleus, labeled cells were counted on one side
of the brain in at least 4 sections (4 – 7, depending upon the length of each nucleus) at 400
μm intervals (1/20 sections sampled). A counting frame of 89 x 89 μm (7921μm2) and a
sampling grid of μm 200 2) were employed. Since the average thickness of x 200 μm (40,000
the mounted sections was ~10 μm across series surface was employed. From the top surface
of each section, cells were counted if the top of the cell came into focus beneath the surface
and within the dissector height. The sampling thus included 5% of the sections, ~20% of the
area of each nucleus and ~80% of the height of the section for an overall sampling of ~0.8%
of the volume of each nucleus through the BF. Accordingly, an average of ~894 sampling sites
were employed for counting cells in an average total volume for the six BF nuclei of ~11.34
mm3. In initial sampling and for the duration of the counting, the precision of the estimates
was checked by referring to Gundersen’s Coefficient of Error (CE, m1). The average CE (in
3 brains) for the total number of cells across the BF was 0.08 for the ChAT+ cells, 0.04 for the
GAD+ cells, 0.02 for the PAG+/NR+ cells and 0.06 for the PAG−/NR+ cells.

Additional series processed for dual fluorescent immunostaining for VGluTs and PAG, ChAT,
or GAD were analyzed under epifluorescent microscopy on the Leica DMLB microscope
equipped with filters appropriate for Cy2 (FITC) and Cy3 (rhodamine) detection. In each dual
immunostained series of three brains (G5, G6 and G7), immuno-positive cells were counted
by applying systematic unbiased sampling using the Optical Fractionator probe of
StereoInvestigator for estimates of proportions of double-labeled cells within the MCPO at one
level (~A8.2). The probe was run twice in each series, so as to sample the same population of
cells but with different (Cy3 or Cy2) filters. A counting frame of 89 x 89 μm (7921 μm2) and
a sampling grid of μm 200 2) were employed, such as to sample an average ofx 200 μm (40,000
~30 sites in each series. A dissector height of 8 μm was used in this series of mounted sections
which had an average thickness of 8 μm.

Color photographs were prepared using Adobe Photoshop and schematic figures from the
computer atlas images from Neurolucida using Adobe Illustrator (Adobe Systems, San Jose,
CA, USA).

RESULTS
Distribution and estimates of ChAT+, GAD+ and PAG+ neurons

As evident in the MCPO (Fig. 1), ChAT+, GAD+ and PAG+ neurons were codistributed
through the nuclei of the BF cholinergic cell area. Darkly stained with DAB, ChAT+ cells were
most commonly medium to large in size, fusiform to polygonal in shape and in some regions
grouped in clusters (Fig. 1A). Also darkly stained with DAB, GAD+ cells were variable in size
from small to large, oval to polygonal in shape and relatively densely distributed through all
areas where cholinergic cells were present (Fig. 1B). In some places, large GAD+ cells also
formed small aggregates. Stained in a punctate manner with black DAB-Ni, PAG+ neurons
were also variable in size from small to large, oval to polygonal in shape and more numerous
than the ChAT+ or GAD+ cells (Fig. 1C). PAG+/NR+ cells were codistributed with less
numerous NR+ cells that did not contain PAG+ punctate staining and were thus considered
PAG−/NR+ cells. Like the PAG+/NR+, these were also variable in size and shape. Along with
GAD+ cells, the PAG+ cells were evident across all the BF nuclei where cholinergic cells were
located, including the MCPO (Fig. 1), the DBB (Fig. 2A), the SIa (Fig. 2B), the SIp (Fig. 2C)
and the GP (Fig. 2D). In each of these areas, the PAG+/NR+ cells were codistributed with less
numerous PAG−/NR+ cells (Fig. 2). All cell types were also present in the olfactory tubercle
(OTu), but were not included in the present survey.
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From rostral to caudal, ChAT+ cells were distributed through the MS, DBB, MCPO, SIa, SIp
and GP (Fig. 3), in some places in aggregates, as described previously (Gritti et al., 1993).
Ubiquitously, though not evenly, intermingled with the ChAT+ cells, GAD+ cells were densely
distributed through the same regions (Fig. 4). Throughout, PAG+/NR+ cells were present in
the highest density along with less numerous PAG−/NR+ (Fig. 5).

Using the Optical Fractionator probe of StereoInvestigator, total cell numbers were estimated
for each cell type across the BF nuclei from three rats (G1, G2 and G3; Table 1). The average
total numbers of cells estimated in this manner were ~22,000 ChAT+ cells, ~119,000 GAD+
cells, ~315,000 PAG+ cells and 350,000 (PAG+/and PAG−/) NR+ cells. According to these
estimates the cell densities were ~2000 ChAT+, 11,000 GAD+ cells, 28,000 PAG+ and 31,000
NR+ cells per mm3. The relative proportions of cells were ~5% ChAT+, 35% GAD+ and 90%
PAG+ of the total (NR+) cell population. Except within the GP, these proportions were similar
across nuclei of the BF.

Proportions of PAG+, ChAT+ and GAD+ neurons containing VGluT
In order to determine if PAG+, ChAT+ and/or GAD+ cells contained VGluTs, dual fluorescent
immunostained series were examined from colchicine treated rats (G5, G6 and G7). In series
dual immunostained for PAG and VGluT2 (Fig. 6A), the VGluT2 staining was prominent
within axon terminals and varicosities (Fig. 6A2). In contrast, it was not evident at levels above
background in cell bodies of neurons in the BF, despite colchicine pretreatment. Under these
conditions, PAG+ nerve cell bodies were judged to be negative for VGluT2 immunostaining
(Fig. 6A1 and A2).

In series dual immunostained for the synthetic enzymes and VGluT3 (Fig. 6B-D), the VGluT3
staining was prominent in a small number of axon terminals and in many nerve cell bodies. In
sections dual immunostained for PAG and VGluT3, most PAG+ cells contained VGluT3 (Fig.
6B1 and B2). Using unbiased estimates through the MCPO, approximately 70% of PAG+ cells
were judged to be immuno-positive for VGluT3 (mean ± standard deviation from three rats,
SD: 70.3% ± 26.7%). Reciprocally, almost all VGluT3+ neurons were positively stained for
PAG (96.3% ± 4.4%). In sections dual immunostained for ChAT and VGluT3, the vast majority
of ChAT+ neurons were judged immuno-positive for VGluT3 (Fig. 6C1 and C2). Indeed,
VGluT3 was present in ~90% of the ChAT+ cells (88.9% ± 19.2%). In sections dual
immunostained for GAD and VGluT3, about half of the GAD+ neurons were judged to be
immuno-positive for VGluT3 (46.8% ± 21.6%) (Fig. 6D1 and D2).

DISCUSSION
The present stereological estimates reveal a very large cell population in the BF of the rat that
is comprised of only a small proportion of ACh-synthesizing neurons together with a significant
proportion of GABA-synthesizing neurons and major proportion of Glu-synthesizing neurons.
Given the overlapping numbers, a proportion of ACh- and GABA-synthesizing neurons could
also synthesize Glu. The vast proportion of Glu-synthesizing neurons also appear to have the
capacity to store and release Glu either through VGluT2, which is present in axon terminals,
or through VGluT3, which is present in most Glu- and ACh- and about half the GABA-
synthesizing nerve cell bodies. These results indicate that glutamate can be synthesized in the
cell bodies of a major proportion of BF cells and if not released from terminals, released from
the soma or dendrites of glutamatergic but also many cholinergic and GABAergic neurons to
contribute to the local processing as well as efferent output and consequential functional
influence of the BF.
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Numbers and proportions of neurons able to synthesize ACh, GABA and/or Glu
We employed stereological analysis for estimating total cell numbers through the volume of
the BF nuclei in the present study. We first had to determine appropriate immunohistochemical
processing and stereological procedures for counting immunostained cells. We learned that we
could not use sections thicker than 20 μm in order to have full and even penetration of the
antibodies for ChAT, GAD and PAG through the full depth of the sections. We subsequently
found that these sections were reduced to an average 10 μm thickness once they were
dehydrated, delipidated and coverslipped. We were thus not able to apply what are otherwise
considered to be optimal conditions for stereological counts which set guard zones at the top
and bottom of the sections and count through more than 10 μm through the middle of the section
(West, 1993). We adopted a strategy instead of counting the tops of cells which came into focus
beneath the surface of the section and through 8 μm of the z axis. We moreover had to count
cells based upon their immunostaining and thus of the cytoplasm, not the nucleus, which we
thus did for the NR staining of the cytoplasm as well. Given several adjacent series of sections
that were stained from each brain, we randomized the start of each series and collected sections
at every 400 μm. This collection procedure thus provided for sampling of each series, 12
sections through the BF cholinergic cell area and 4 to 7 sections through each individual
nucleus, depending upon its length. We subsequently selected a counting frame size that would
provide >3 cells on average to be counted per frame per series across the BF. And finally we
selected a grid size that provided >100 cells of each type to be counted per series across the
BF. In practice, the sampling proved to be just adequate for the ChAT+ cells and more than
adequate for the other cells, particularly the PAG+ cells.

We obtained an average estimate of ChAT+ cells of ~22,000 which is higher than the average
estimate, ~15,000 (excluding the OTu), we previously calculated using counts corrected for
double counting according to estimates of cell size and section thickness by the Abercrombie
method (Abercrombie, 1946). However, these two estimates are not statistically significantly
different when compared between the two groups and thus support the contention that
Abercrombie corrected counts can be successfully used to estimate cell numbers if applied
appropriately (Guillery and Herrup, 1997). In the present sample, the variation across brains
was relatively high with a coefficient of variation (CV: SD/mean) of 0.33. It is not known if
this variation is due to sampling of what is an inhomogeneously distributed population of cells
that tend to cluster in groups or to individual variation in the number of cells across rats. To
our knowledge, there is one other published estimate of the total number of ChAT+ cells in
the rat BF which is 26,390 (Miettinen et al., 2002).

The number of GAD+ cells, ~119,000, estimated here by stereology significantly and greatly
exceeds the number, ~30,000 (excluding the OTu), previously estimated by us using
Abercrombie corrected counts (Gritti et al., 1993). This three fold difference cannot be
attributed to differences in counting method. It is undoubtedly due to the use of a different
antibody for staining GAD. In our previous study, we employed the original sheep anti-GAD
antiserum (Oertel et al., 1981), whereas in the current study we employed the more recent rabbit
anti-GAD antiserum directed against the GAD67 isoform of the enzyme (Chemicon), which
is present in the soma of most GABAergic cells and appears to provide greater sensitivity for
staining cell bodies at least in the BF. We did also find a relatively large variation in the number
of GAD+ cells across brains with a CV of 0.39. As for the ChAT+ cells, it could be due to the
somewhat uneven distribution of GAD+ cells. It could also be due to individual differences in
numbers of GAD+ cells. Such variation for GAD+ neurons (stained for GAD67) has been
noted by others using stereological estimates in the dentate gyrus and associated with a CV of
0.40 (Muller et al., 2001). In those studies, the variation was actually attributed to individual
variation in the number of GAD+ cells across rats (see below). For comparison, we know of
no other estimates for GAD+ cell numbers across the BF.
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The number of PAG+ neurons was estimated here at ~316,000. This estimated number had the
smallest CV of 0.14, indicating possibly that the large number and density as well as more
even distribution of the PAG+ neurons was associated with more similar estimates across
brains. Or it indicates that there is less variation in the number of PAG+ neurons. By adding
the number of PAG−/NR+ neurons to those of the PAG+/NR+ neurons, we estimated the total
population of cells in the BF as ~355,000 with a CV of 0.15. We know of no other published
estimates of PAG+ or total BF cell population.

The PAG+ neurons represented ~90% of the BF cell population. Given that the ChAT+ cells
represent ~5% and the GAD+ ~35%, it appears that there is an overlap in the three populations.
We first employed PAG based upon immunohistochemical studies showing that it selectively
labeled glutamatergic pyramidal cells and rarely labeled GABAergic interneurons in the cortex
(Donoghue et al., 1985; Kaneko and Mizuno, 1988; Akiyama et al., 1990; Kaneko et al.,
1992; Kaneko and Mizuno, 1994). On the other hand, in our previous study we found that PAG
was present in ~95% of ChAT+ cells and ~60% of GAD+ (also >50% of parvalbumin+) cells
in the BF (Manns et al., 2001; Gritti et al., 2003). As discussed in that original study on cortically
projecting neurons, the colocalization of these neurotransmitter enzymes could indicate that
Glu could be synthesized and utilized together with ACh and GABA in the same neurons. PAG
can also serve to provide Glu for the synthesis of GABA (Pow and Robinson, 1994). The clear
presence of PAG- neurons in the BF, indicates that certain neurons do not contain this enzyme
for the conversion of glutamine to Glu. In the cortex, evidence was presented that GABAergic
interneurons do not contain PAG and contain instead high concentrations of soluble aspartate
aminotransferase (sAAT) through which they could utilize α-ketoglutarate to produce Glu as
a precursor for GABA (Kaneko and Mizuno, 1994). The numbers of the PAG−/NR+ cells
(~39,000) correspond to approximately 40% of the GAD+ cell population that was the
proportion of GAD+ cells found to be negative for PAG in our previous study (Manns et al.,
2001). Together with our previous results, the present results suggest that some neurons contain
PAG and GAD and have the capacity to synthesize both Glu and GABA or to utilize Glu
synthesized by PAG for GABA synthesis, whereas others have the capacity to synthesize
GABA alone through a different metabolic pathway for Glu. Perhaps the capacity for some
PAG+ neurons to synthesize GABA from Glu through the presence of GAD is realized under
certain conditions, as has been found for what are glutamatergic neurons in the dentate gyrus,
which in addition to PAG, express GAD, and synthesize and release GABA following kindling
(Kaneko and Mizuno, 1988; Sloviter et al., 1996; Gomez-Lira et al., 2005).

Proportions of neurons able to release Glu through VGluTs
Since implementation of immunohistochemical staining of the synthetic enzymes for ACh,
GABA and Glu, the vesicular transporter proteins have been identified, which are responsible
for the uptake, storage and release of ACh (VAChT) (Gilmor et al., 1996), GABA (VGAT)
(Chaudhry et al., 1998) and Glu (VGluT 1 and 2) from nerve terminals (Fremeau et al.,
2001; Fujiyama et al., 2001). Presence of specific vesicular transporters in terminals of neurons
thus indicates use of the substrate as a neurotransmitter. Whereas VAChT is present in the
soma and dendrites of cholinergic neurons, VGAT and VGluT1/2 are only found in the axonal
varicosities and terminals. Some investigators have visualized VGluT2 in nerve cell bodies of
neurons in the MS-DBB using very high doses (3 times those used in the present study) of
colchicine (Hajszan et al., 2004; Colom et al., 2005), yet such doses also stimulate mRNA for
many enzymes and peptides (Cortes et al., 1990). Using previously established and approved
doses of colchicine which block axonal transport (Gritti et al., 1993), we were unable to detect
VGluT2 in nerve cell bodies of neurons in the BF. It was thus not possible to employ
immunohistochemical staining of cell bodies for this vesicular transporter to determine which
BF neurons utilize Glu. In situ hybridization for mRNA of the vesicular transporters has been
successfully employed in BF and revealed that some neurons contain mRNA for VGluT2 (Hur
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and Zaborszky, 2005). From RT-PCR studies, it also appeared that mRNA for VGluT2 can be
colocalized with mRNA for ChAT and/or GAD in young and adult rats (Sotty et al., 2003;
Danik et al., 2005). Thus, as for the presence of PAG, the presence of mRNA for VGluT2 in
ChAT and GAD expressing neurons suggested that BF neurons have the potential to synthesize
Glu and the vesicular transporters necessary for its utilization along with ACh or GABA as
neurotransmitters. In contrast, by immunohistochemical study of the vesicular transporters
contained in anterogradely labeled BF terminals, we have found that the BF fibers are
phenotypically distinct, containing VAChT, VGAT or VGluT2 in their terminals, and thus
functionally cholinergic, GABAergic or glutamatergic (Henny and Jones, 2006). In the
descending projections to the hypothalamus, the VAChT+ terminals represented a small
proportion (~10%), the VGAT+ terminals the largest proportion (~50%) and the VGluT2+
terminals ~25%. The estimate of glutamatergic BF projection neurons in our studies is similar
to that recently estimated for the MS-DBB, though using different techniques, as representing
20–25% (Colom et al., 2005). On the other hand, these similar estimates leave in further
question why such a large proportion of BF neurons contain PAG, including ChAT+ and GAD
+ neurons.

In addition to VGluT1 and 2, a third type of VGluT was discovered and found to be present in
cell bodies as well as terminals of neurons and moreover to be present within cholinergic
neurons in the striatum (Gras et al., 2002) and GABAergic interneurons in the cortex (Fremeau
et al., 2002; Herzog et al., 2004). VGluT3 was also reported to be present in many BF neurons,
including both cholinergic and presumed GABAergic, parvalbumin-immunostained, neurons
in most BF nuclei (Harkany et al., 2003). In the present study, we confirmed that VGluT3 is
present in the soma of BF neurons, and showed that it is present in neurons dual-immunostained
for ChAT, GAD or PAG. In our previous studies, we did not find VGluT3 to be contained in
terminals of BF projecting fibers to either hypothalamus (Henny and Jones, 2006) or cortex
(Henny and Jones, in preparation). Its presence in the cell bodies thus presumably does not
indicate that the cells have the capacity to release Glu from axon terminals. On the other hand,
VGluT3 has been shown to endow the soma and dendrites of cells with the capacity to release
Glu that can act as a retrograde signal upon afferent inputs (Fremeau et al., 2002; Harkany et
al., 2003; Harkany et al., 2004). Here, the vast majority of ChAT+ cells and about half the
GAD+ cells were judged immuno-positive for VGluT3. These proportions are very similar to
those estimated for the ChAT+ and GAD+ cells that respectively contained PAG (Manns et
al., 2001), indicating together with our previous results showing a lack of VGluT3 in BF
terminals (above, (Henny and Jones, 2006)), that these neurons would have the capacity to
synthesize and release Glu not from axon terminals but from their cell bodies or dendrites. A
large proportion (~70%) of PAG+ neurons were immunostained for VGluT3 and virtually all
VGluT3+ neurons were immunostained for PAG, indicating that most Glu-synthesizing
neurons would have the capacity to release Glu from their cell bodies or dendrites. It is thus
possible that the presence of PAG in ChAT+ and GAD+ neurons (Manns et al., 2001) does
reflect the capacity to synthesize Glu as a neurotransmitter or modulator, however one which
is released through VGluT3 from the soma and dendrites of neurons which otherwise release
ACh or GABA through VAChT or VGAT respectively from their axon terminals. The presence
of PAG in ChAT- and GAD- neurons likely reflects the capacity of those neurons to synthesize
Glu as a neurotransmitter that can be released from axon terminals presumably through VGluT2
and/or from cell bodies through VGluT3. Accordingly, the presence of PAG in the major
proportion of BF neurons indicates that in addition to ACh and GABA, Glu plays a major part
in the distant and local influences of the BF neurons.

Given the large population of BF neurons and the small percentage comprised by the
cholinergic cells, it is not surprising that nonselective lesions of the BF have had much more
devastating effects upon cortical activity and behavioral state than selective cholinergic cell
lesions (Damasio et al., 1985; Dunnett et al., 1991; Wenk, 1997; Sarter et al., 2003; Jones,
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2004). Thus the important role played by the cholinergic cells must be viewed as contingent
upon the influence of the predominant GABAergic and glutamatergic cells along with the
potential modulation exerted by Glu, which can be synthesized and released from such a large
proportion of BF neurons.
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Abbreviations
A  

amygdala

ac  
anterior commissure

Acb  
accumbens nucleus

ACh  
acetylcholine

AD  
anterodorsal thalamic nucleus

AHA  
anterior hypothalamic area

AM  
anteromedial thalamic nucleus

Arc  
arcuate hypothalamic nucleus

AV  
anteroventral thalamic nucleus

BF  
basal forebrain

BST  
bed nucleus of the stria terminalis

ChAT  
choline acetyltransferase

Cl  
claustrum

CM  
central medial thalamic nucleus

CPu  
caudate putamen

DBB  
diagonal band of Broca nucleus

En  
endopiriform nucleus

EP  
entopeduncular nucleus
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f  
fornix

FStr  
fundus striati

G  
gelatinosus thalamic nucleus

GAD  
glutamic acid decarboxylase

Glu  
glutamate

GP  
globus pallidus

IAM  
interanteromedial thalamic nucleus

ic  
internal capsule

LD  
laterodorsal thalamic nucleus

LH  
lateral hypothalamic area

lo  
lateral olfactory tract

LOT  
nucleus of the lateral olfactory tract

LPO  
lateral preoptic area

LS  
lateral septal nucleus

MCPO  
magnocellular preoptic nucleus

MD  
mediodorsal thalamic nucleus

MPO  
medial preoptic nucleus

MS  
medial septal nucleus

NR  
neutral red

oc  
optic chiasm
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ot  
optic tract

OTu  
olfactory tubercle

Pa  
paraventricular hypothalamic nucleus

PAG  
phosphate-activated glutaminase

PC  
paracentral thalamic nucleus

Pe  
periventricular hypothalamic nucleus

Pir  
piriform cortex

PT  
paratenial thalamic nucleus

PV  
paraventricular thalamic nucleus

Re  
reuniens thalamic nucleus

Rh  
rhomboid thalamic nucleus

Rt  
reticular thalamic nucleus

SCh  
suprachiasmatic nucleus

SFi  
septofimbrial nucleus

SI  
substantia innominata

SIa  
substantia innominata anterior

SIp  
substantia innominata posterior

sm  
stria medullaris of the thalamus

SO  
supraoptic nucleus

st  
stria terminalis
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TT  
tenia tecta

VAChT  
vesicular acetylcholine transporter

VGAT  
vesicular GABA transporter

VGluT  
vesicular glutamate transporter

VL  
ventrolateral thalamic nucleus

VM  
ventromedial thalamic nucleus

VMH  
ventromedial hypothalamic nucleus

ZI  
zona incerta

GRITTI et al. Page 16

Neuroscience. Author manuscript; available in PMC 2007 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Images of ChAT+ (A), GAD+ (B) and PAG+ with NR+ (C) neurons in the magnocellular
preoptic nucleus (MCPO, ~A8.5). ChAT and GAD are revealed with DAB (brown), and PAG
is revealed with DAB-Ni (black) along with Nissl stained by Neutral Red (NR) (on right side
in adjacent series from rat G3). Many cells are immuno-positive for PAG (PAG+/NR+, black
arrowheads), evident as black granules over the cytoplasm, and are codistributed with fewer
cells which are immuno-negative for PAG and stained for NR (PAG−/NR+, white arrowheads).
Scale bar = 25 μm.
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Fig. 2.
Images of PAG+/NR+ and PAG−/NR+ neurons in different BF nuclei. PAG+/NR+ cells (black
arrowheads) are codistributed with PAG−/NR+ cells (white arrowheads) (on right side in same
series from rat G3) in the nucleus of the diagonal band of Broca (DBB, ~A9.4, in A), the
substantia innominata, pars anterior (SIa, ~A8.6 in B), the substantia innominata, pars posterior
(SIp, A7.8 in C) and the globus pallidus (GP, ~A7.8 in D). Very small NR stained cells were
judged to be glia and not counted as neurons. Scale bar = 25 μm.
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Fig. 3.
Distribution of ChAT+ neurons in the BF. Each symbol marks one ChAT+ cell plotted in one
20 μm thick section -based atlas templates. See (from list forrat G3) on abbreviations.
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Fig. 4.
Distribution of GAD+ neurons in the BF. Each symbol marks one GAD+ cell plotted in one
20 μm thick section -based atlas templates. See list (from rat forG3) on abbreviations.
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Fig. 5.
Distribution of PAG+/NR+ and PAG−/NR+ neurons in the BF. Each symbol marks one PAG
+/NR+ or PAG−/NR+ cell plotted in one 20 μm-based atlas templates. See list for
abbreviations.
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Fig. 6.
Presence of VGluT2 or VGluT3 in PAG+, ChAT+ or GAD+ cells in the MCPO of colchicine
treated rats. A. PAG+ cells (in Cy2, solid arrowheads in A1) were not immunostained for
VGluT2 (open arrowheads in A2), which was prominent in axonal terminals (in Cy3, A2).
B. Most PAG+ cells (in Cy2, solid arrowheads in B1) were positively immunostained for
VGluT3 (in Cy3, solid arrowheads in B2). C. Most ChAT+ cells (in Cy2, solid arrowheads in
C1) were immunostained for VGluT3 (in Cy3, solid arrowhead in C2). D. About half of GAD
+ cells (in Cy2, solid arrowheads in D1) were judged immuno-positive (solid arrowheads in
D2) and half immuno-negative (open arrowheads in D2) for VGluT3 immunostaining (in Cy3,
D2). Scale bar = 25 μm.
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