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Cellular Localizations of AMPA Glutamate Receptors within the Basal 
Forebrain Magnocellular Complex of Rat and Monkey 
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The cellular distributions of cY-amino-3-hydroxy-5-methyl-4- 
isoxazole propionic acid (AMPA) receptors within the rodent 
and nonhuman primate basal forebrain magnocellular com- 
plex (BFMC) were demonstrated immunocytochemically us- 
ing anti-peptide antibodies that recognize glutamate recep- 
tor (GIuR) subunit proteins (i.e., GIuRl, GIuR4, and a 
conserved region of GIuR2, GIuR3, and GluR4c). In both spe- 
cies, many large GluRl-positive neuronal perikarya and 
aspiny dendrites are present within the medial septal nucle- 
us, the nucleus of the diagonal band of Broca, and the nu- 
cleus basalis of Meynert. In this population of neurons in rat 
and monkey, GluR2/3/4c and GIuR4 immunoreactivities are 
less abundant than GluRl immunoreactivity. In rat, GluRl 
does not colocalize with ChAT, but, within many neurons, 
GluRl does colocalize with GABA, glutamic acid decarbox- 
ylase (GAD), and parvalbumin immunoreactivities. GluRl- 
and GABA/GAD-positive neurons intermingle extensively with 
ChAT-positive neurons. In monkey, however, most GIuRl- 
immunoreactive neurons express ChAT and calbindin-D28 
immunoreactivities. The results reveal that noncholinergic 
GABAergic neurons, within the BFMC of rat, express AMPA 
receptors, whereas cholinergic neurons in the BFMC of mon- 
key express AMPA receptors. Thus, the cellular localizations 
of the AMPA subtype of GluR are different within the BFMC 
of rat and monkey, suggesting that excitatory synaptic reg- 
ulation of distinct subsets of BFMC neurons may differ among 
species. We conclude that, in the rodent, BFMC GABAergic 
neurons receive glutamatergic inputs, whereas cholinergic 
neurons either do not receive glutamatergic synapses or 
utilize GluR subtypes other than AMPA receptors. In con- 
trast, in primate, basal forebrain cholinergic neurons are in- 
nervated directly by glutamatergic afferents and utilize AMPA 
receptors. 

[Key words: AMPA receptor, excitatory amino acids, mag- 
nocellular preoptic nucleus, medial septal nucleus, nucleus 
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L-Glutamate and L-Aspartate are the major known excitatory 
neurotransmitters in the mammalian brain (Fagg and Foster, 
1983; Fonnum, 1984), and several lines of evidence suggest that 
neurons within the basal forebrain magnocellular complex 
(BFMC) receive excitatory glutamatergic or aspartergic inner- 
vation from a variety of regions. Cultured cells from the BFMC 
are depolarized rapidly by glutamate (Nakajima et al., 1985). 
Biochemical (Walaas and Fonnum, 1980; Fibiger and Lehmann, 
198 1; Davies et al., 1984) autoradiographic (Monaghan and 
Cotman, 1982; Halpain et al., 1984; Monaghan et al., 1984), 
and connectional (Mesulam and Mufson, 1984; Lemann and 
Saper, 1985; Fuller et al., 1987; Carnes et al., 1990; Gaykema 
et al., 199 1) studies indicate that neurons in the BFMC are 
innervated by glutamatergic or aspartergic inputs from cerebral 
cortex, amygdala, thalamus, hypothalamus, and brainstem. 
Corticofugal axon terminals contact BFMC neurons, but trans- 
mitter phenotypes of pre- and postsynaptic elements have not 
been identified (Lemann and Saper, 1985). Moreover, amyg- 
dalofugal axons terminate on cholinergic basal forebrain neu- 
rons, but the transmitter of these terminals is also not known 
(Zaborszky et al., 1984). Thus, the precise origin ofglutamatergic 
and aspartergic inputs to the BFMC and neuronal targets of 
these afferents to the basal forebrain are not well defined, al- 
though possible targets of acidic amino acid-utilizing afferents 
include cholinergic and GABAergic neurons (Kohler et al., 1984; 
Brashear et al., 1986; Walker et al., 1989; Gulyas et al., 1991). 

Glutamatergic innervation that rapidly depolarizes cells is 
mediated by ligand-gated ion channel receptors that are clas- 
sified into pharmacologically and electrophysiologically distinct 
subtypes: NMDA receptors, kainate (KA) receptors, and cy-am- 
ino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) 
receptors (Monaghan et al., 1989; Watkins et al., 1990; Gasic 
and Heinemann, 1991). These glutamate-gated ion channel re- 
ceptors are oligomers, probably pentamers, of homologous sub- 
units (Blackstone et al., 1992b; Wenthold et al., 1992). Molec- 
ular cloning has identified four NMDA receptor subunits 
(NMDARl, 2A, 2B, and 2C) and nine non-NMDA ionotropic 
glutamate receptor (GluR) subunits (GluRI-GluR7, KAI, and 
KA2) as well as several variants generated by alternate splicing 
(Hollmann et al., 1989; Bettler et al., 1990; Boulter et al., 1990; 
Keinanen et al., 1990; Sommer et al., 1990; Egebjerg et al., 199 1; 
Moriyoshi et al., 199 1; Werner et al., 199 1; Bettler et al., 1992; 
Gallo et al., 1992; Herb et al., 1992; Monyer et al., 1992). 
GluRl-GluR4 (also known as GluR-A through GluR-D) are 
the major AMPA receptor subunits; GluRS-GluR7, KAl, and 
KA2 are believed to be KA receptor subunits. 

Using antibodies that specifically detect divergent amino acid 
sequences of individual subunits of the AMPA-preferring GluR, 
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neurodegenerative disease characterized by loss of cholinergic 
neurons in the BFMC (Whitehouse et al., 198 1). Thus, the de- 
lineation of the in vivo cellular expression of GluR subtypes in 
the BFMC should provide insights into the functional organi- 
zation of this region in health and disease. 
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Figure I. Specificity of anti-peptide antibodies to GluR subunits. Total 
basal forebrain homogenates (50 pg protein/lane) from rat and monkey 
brains were subjected to SDS-PAGE and immunoblotted with anti- 
bodies (0.5 up. IaG/ml) to GluRl (RI). GluR2/3/4c (R2/3/4c). and 
GluR4 iR4): immunoreactive proteins’were detected ‘with enhanced 
chemiluminescence. Because exposure times were varied to emphasize 
the specificity of each preparation, quantitative comparisons between 
the amount of protein detected with each of the antibodies were not 
possible. Sizes of molecular weight standards (in kDa) are indicated at 
left. 

it is now possible to begin to characterize the precise cellular 
distributions of specific molecular subtypes of GluR in the brain 
(Rogers et al., 1991; Blackstone et al., 1992b; Martin et al., 
1992; Petralia and Wenthold, 1992; Price et al., 1992). The aims 
of this immunocytochemical study were threefold: to evaluate, 
using light and electron microscopy, whether AMPA receptors 
are expressed by neurons within the BFMC, to identify the 
neuronal phenotype of cells that express AMPA receptors; and 
to determine whether species differences exist in the cellular 
localization of AMPA receptors within the BFMC of rodents 
and primates. Our results demonstrate that (1) subsets of neu- 
rons within the BFMC express AMPA receptors, (2) the major 
AMPA receptor subunits are expressed differentially in these 
neurons, and (3) the cellular localizations of the AMPA receptor 
subunit GluRl are different in rodents and primates. Neurons 
in the basal forebrain of rodents (Hepler et al., 1985; Wenk et 
al., 1989; Wozniak et al., 1989), monkeys (Aigner et al., 1987) 
and, possibly, humans (Schwartz and Price, 1991) are vul- 
nerable to excitotoxic injury, and it has been postulated that 
GluR-mediated excitoxicity provides a mechanism leading to 
the death of nerve cells in individuals with Alzheimer’s disease 
(Choi, 1988; Greenamyre and Young, 1989; McGeer, 1989), a 

Materials and Methods 
Gel electrophoresis and immunoblotting. Basal forebrains were dissected 
from adult male Sprague-Dawley rats (150-l 75 gm) and an adult rhesus 
monkey and were immediately frozen at -70°C. For preparation of 
total homogenates, tissues were homogenized with a Brinkmann Poly- 
tron in 20 mM Tris-HCl (pH 7.4) containing 10% sucrose (w/v), 20 
U/ml of Trasylol (aprotinin), 20 &ml of pepstatin A, 20 &ml of 
chymostatin, 0.1 rnM phenylmethylsulfonyl fluoride, 10 mM benzami- 
dine, 1 mM EDTA, and 5 mM EGTA. Homogenates were subjected to 
SDS-polyacrylamidegel electrophoresis (8% polyacrylamide gels), trans- 
ferred to polyvinylidene fluoride (PVDF) membrane (Immobilon P; 
Millipore, Bedford, MA) by electroblotting (30 V, overnight), and im- 
munoblotted with antibodies to GluR 1, an epitope common to GluR2, 
GluR3, and GluR4c (denoted GluR2/3/4c), and GluR4 as described 
previously (Blackstone et al., 1992b). 

Immunocytochemistry. Adult (300-400 gm) male and female 
Sprague-Dawley rats (n = 9), adult rhesus monkeys (n = 3), and an 
adult lion-tailed macaque (Macaca silenus) were used in this study. 
Some rats (n = 3) received bilateral intracerebroventricular injections 
of colchicine (70-l 20 pg) and were killed 48 hr later. Rats and monkeys 
were deeply anesthetized with 4% chloral hydrate or sodium pentobar- 
bital and perfused intraaortically with cold 0.1 M phosphate-buffered 
0.9% saline (PBS), followed bv either 4% uaraformaldehvde/O. 1% elu- 
taraldehyde/‘l S%‘saturated pi&c acid prepared in PBS, or 4% para?or- 
maldehyde prepared in PBS or according to the pH-shift protocol (Berod 
et al., 198 1). After fixation, the brains (except for the brain of the lion- 
tailed macaque) were removed from the skull and blocked and postfixed 
(l-2 hr at 4°C). These brains were either placed in buffer or cryoprotected 
(overnight at 4°C) in 20% alvcerol/PBS and frozen in isonentane chilled 
by dry ice. The brain of the lion-tailed macaque was cut into 3-mm- 
thick slabs that were postfixed (2 hr) in 4% paraformaldehyde/0.5% 
glutaraldehyde, transferred to 4% paraformaldehyde/O. 1% glutaralde- 
hyde for overnight, and rinsed in PBS. 

Coronal and sagittal sections (40 pm) were cut on a sliding microtome 
or Vibratome and transferred to cold Tris-buffered saline (TBS) (pH 
7.2). Sections were permeabilized (10-30 min) in 0.4% or 0.08% Triton 
X-100 (TX)/TBS, preincubated (1 hr) with 4% normal goat serum di- 
luted with and without 0.1% TX/TBS, and incubated (48 hr at 4°C) in 
affinity-purified rabbit polvclonal antibodies (concentrations of 0.5 Ire 
IgG/ml in 2% normal goat serum/TBS, with and without 0.1% TX) that 
recognize GluRl, GluR4, and an epitope common to GluR2, GluR3, 
and GluR4c (designated as GluR2/3/4c) (Blackstone et al.. 1992a.b: 
Martin et al., in press). As controls, some sections were incubated with 
(1) comparable amounts of rabbit IgG, (2) GluR antibodies preadsorbed 
overnight with excess (10 pg/ml) synthetic GluR peptide, or (3) 2% 
normal goat serum/TBS with primary antibodies omitted. Subsequent- 
ly, sections were rinsed (30 minutes) in TBS, incubated (1 hr) with goat 
anti-rabbit IgG (Cappel, West Chester, PA) diluted at 1: 100, rinsed (30 
min) in TBS, and incubated (1 hr) with rabbit peroxidase-antiperoxidase 
(PAP) complex (Stemberger Monoclonals, Baltimore, MD) diluted at 
1:200. As additional controls in some experiments, the secondary an- 
tibodies and PAP were omitted from the incubation solution. After the 
final incubation, sections were rinsed (30 min) in TBS and developed 
using a standard diaminobenzidine reaction. 

Samples (3 mm2) of the basal forebrain were taken from the immu- 
nocytochemically processed Vibratome sections and treated (1 hr) with 
2% osmium tetroxide, dehydrated, stained en bloc with uranyl acetate, 
and flat embedded in resin on glass slides. Plastic-embedded sections 
were mounted on an Araldite block and cut into semithin (1 pm) and 
thin (gold interference color) sections. Thin sections were placed on 200 
mesh gold grids, stained with uranyl acylate and lead citrate, and viewed 
with a Philips CM 12 electron microscope. 

Selected sections through the rat and monkey basal forebrains were 
double labeled to establish whether GluR 1 colocalizes with choline@ 
or GABAergic markers. Using diaminobenzidine and benzidine dihy- 
drochloride as chromagens (Lakos and Basbaum, 1986; Levey et al., 
1986) sections were stained for (1) GluRl and ChAT, (2) GluRl and 
parvalbumin (Sigma, St. Louis, MO), (3) GluRl and calbindinD28, 
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Figure 2. Cellular localization of GluRl within the BFMC of rat. A, The medial septal nucleus (MS) and nucleus of the horizontal limb of the 
diagonal band of Broca (HDB) contain lower levels of GluRl than the contiguous ventral lateral septal nucleus (LSV’) and nucleus accumbens 
(Acb). Scale bar, 306 pm. B and C, When viewed at higher magnification, the medial septal nucleus (B) and horizontal limb of the diagonal band 
of Broca (C) have many neuronal cell bodies and proximal dendrites that are GluRl immunoreactive, but the neuropil in these regions shows low 
levels of GluRl . Scale bars: B, 50 pm; C, 3 1 pm. D, The magnocellular preoptic nucleus (MCPO) is conspicuous because of numerous GluR l- 
immunoreactive neuronal perikarya against a background of low immunoreactivity within the neuropil. The neuropil of other forebrain structures, 
for example, caudate-putamen (CPU) and bed nucleus of the stria terminalis @ST), is enriched in GluRl. f ;  fomix; GP, globus pallidus; ox, optic 
chiasm. Scale bar, 390 pm. E, GluR 1 -positive neuronal cell bodies within the magnocellular preoptic nucleus are predominantly medium to large 
in size and isodendritic. Scale bar, 68 pm. F, Aspiny dendrites (arrowheads) originating from neuronal cell bodies (arrow) within the anterior NBM 
can be traced for long distances. Scale bar, 26 pm. G, In plastic sections (1 pm thick) containing components of the BFMC, GluRl-positive neuronal 
cell bodies (arrowhead) contain intracytoplasmic aggregates of immunoreactivity. Scale bar, 4 pm. 

and (4) GluRl and glutamic acid decarboxylase (GAD). In addition, 
some sections were incubated in the following cocktails of antibodies: 
rabbit anti-GluRl (1:50) and mouse antiChAT (1: 10) (Boehringer 
Mannheim, Indianapolis, IN); rabbit anti-GluR1(1:50) and mouse anti- 
calbindin (1: 1000); guinea pig anti-GABA (1: 500) (Chemicon, Teme- 
cula, CA) and rabbit anti-GluR 1; and rabbit anti-GAD ( 1: 500) (Chem- 
icon) and guinea pig anti-GluR 1. These sections were developed using 
immunofluorescence. Following incubation with primary antibodies, 
sections were rinsed in TBS and incubated with amino-methylcouma- 
rin-acetic acid-conjugated goat anti-rabbit IgG (Jackson, West Grove, 
PA) and rhodamine-conjugated goat anti-mouse IgG or goat anti-guinea 
pig IgG (Jackson). After several rinses in TBS, sections were mounted 
on slides, blow-dried, and coverslipped with DPX. Representative sec- 
tions showing the distributions of GluR 1 -positive and ChAT-positive 
neurons were plotted using a computer-assisted plotting system as pre- 
viously described in detail (Martin et al., 199 1). 

Results 
Antibodies to subunits of the AMPA receptor recognized a single 
band of proteins in rat and monkey brains (Fig. 1). These an- 
tipeptide antibodies to GluRl, GluR2/3/4c, and GluR4 each 
detected proteins of similar size, ranging from 102 to 108 kDa, 

on immunoblots of total homogenates prepared from dissected 
rat and monkey basal forebrains (Fig. 1). Cross-reacting proteins 
of other sizes were not detected with any of the antibodies, and 
immunodetection was abolished when antibodies were pread- 
sorbed with synthetic peptide (50 &ml) to which they were 
raised (data not shown). 

Using immunocytochemistry, differential localizations of GluR 
immunoreactivity were first revealed within neurons of the ro- 
dent basal forebrain. In rat, GluRl was enriched within the cell 
bodies and dendrites of numerous large, isodendritic neurons 
in the medial septal nucleus, diagonal band nucleus, magno- 
cellular preoptic nucleus, and nucleus basalis of Meynert (NBM) 
(Fig. 2). Cellular and subcellular localizations were confirmed 
by electron microscopic analyses of Vibratome sections pro- 
cessed using preembedding immunocytochemistry (Fig. 3). 
GluR 1 -positive cells had intracytoplasmic aggregates of recep- 
tor immunoreactivity within perikarya and dendrites (Figs. 2G, 
3AJ). In addition, virtually all GluRl-expressing neurons in 
the BFMC of rat had large, ellipsoid nuclei with one or several 
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Figure S. Ultrastructural localization of GluR 1 in neurons of the magnocellular preoptic nucleus in rat. A and B, The cytoplasm of GluR 1 -positive 
neurons is enriched in immunoreactivity. Nuclei of these neuronal cell bodies have one or several indentations of the nuclear membrane. Within 
the neuropil, many dendritic profiles (arrows in A) are immunoreactive. Boxed areus in B are shown at higher magnification in C and D. Scale 
bars: A, 0.9 pm; B, 1.1 pm. C and D, Higher magnification of boxes in B. GluRl -immunoreactive neurons in the BFMC are contacted by unlabeled 
axonal terminals (t) that form axosomatic synapses. Scale bars, 0.4 pm. E, Within the neuropil surrounding magnocellular neurons in the basal 
forebrain, GluRl-positive aspiny dendrites (dl) are contacted by axonal terminals (t) that form asymmetrical synapses. Nonimmunoreactive 
dendrites (d2) are also visualized. Scale bar, 0.4 pm. 

invaginations of the nuclear membrane (Fig. 3A,B). Nonim- 
munoreactive presynaptic axonal terminals with round, clear 
vesicles established axosomatic and axodendritic synapses with 
GluRl-positive cells (Fig. 3C-E). Within the neuropil of the 
BFMC, many aspiny dendritic profiles were enriched in GluR 1 
(Fig. 3E). 

The cellular localizations of other AMPA receptor subunits 
in the BFMC of rat were examined as well (Fig. 4). Relative to 
GluRl , considerably fewer magnocellular neurons showed 
GluR2/3/4c immunoreactivity (Fig. 4A,B). GluR4 was less 
abundant than either GluRl or GluR2/3/4c; however, subsets 
of large GluR4-immunoreactive neurons were present within 
the magnocellular preoptic nucleus (Fig. 4C), NBM (Fig. 40), 
and rostra1 ventral pallidum (Fig. 5). Many nonmagnocellular 
neuronal populations within the basal forebrain that are ana- 
tomically contiguous with the BFMC (e.g., nucleus accumbens, 
olfactory tubercle, fundus striati, sublenticular division of the 
bed nucleus, lateral hypothalamus, and amygdala) showed high 
levels of both GluR 1 and GluR2/3/4c immunoreactivities, but, 

within these regions, the abundance of GluR4 immunoreactivity 
was low (Figs. 4, 5). 

To establish whether any differences are present in the dis- 
tributions of AMPA receptors in the brains of rodents and pri- 
mates, the cellular localizations of AMPA receptor subunits 
were also identified in the BFMC of monkey (Figs. 6-8). As in 
rat, GluRl was enriched within neurons in the diagonal band 
nuclei, magnocellular preoptic nucleus, and NBM. Control sec- 
tions showed no staining for GluRl (Fig. 6B). Within these 
regions, levels of GluR2/3/4c and GluR4 were much lower (Fig. 
6C). However, GluR2/3/4c was present in numerous neurons 
within several nuclei of the amygdala (Fig. 6C). Because GluRl 
was the predominant AMPA receptor subunit expressed by 
magnocellular neurons within the basal forebrain of both rat 
and monkey, colocalization experiments were conducted to 
demonstrate the chemical phenotypes of these neurons. 

Using double-label immunocytochemistry for GluR 1 and other 
neuronal markers, prominent differences between species were 
revealed. In the BFMC of rat, GluR 1 and ChAT immunoreac- 
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Figure 5. Localization of GluR 1 and 
GluR4 within rostroventral striatopal- 
lidal regions. Adjacent coronal sections 
through the olfactory tubercle and ven- 
tral pallidum show the differential dis- 
tribution of GluRl (A) and GluR4 (B, 
C) immunoreactivities. Asterisks (*) 
indicate common blood vessels. A sub- 
set of large neurons (arrowheads in B 
and C) within the rostra1 ventral pal- 
lidum is selectively immunoreactive for 
GluR4. FStr, fundus striati; HDB, nu- 
cleus of the horizontal limb of the di- 
agonal band, IO, lateral olfactory tract; 
Pir, piriform cortex; Tu, olfactory tu- 
bercle; VP, ventral pallidum. Scale bars: 
A and B, 173 pm; C, 19 pm. 

tivities were present in distinct populations of neurons (Fig. 9A- 
C). ChAT- and GluRl-positive cells were intermingled exten- 

within the BFMC were also GluRl positive (Fig. 9E). This 

sively (Fig. 10). In contrast, combined GluRl-ChAT prepara- 
pattern of colocalization within the BFMC of monkey was spe- 

tions of monkey brains showed that nearly all ChAT neurons 
cific for these cholinergic neurons because large ChAT-positive 
neurons within the striatum of monkeys did not express GluRl 



The Journal of Neuroscience, May 1993, 13(5) 2255 

Figure 6. Differential distributions of GluRl and GluR2/3/4c and preadsorption control for GluRl in rhesus monkey basal forebrain. A, The 
NBM @b&f) contains numerous GluRl-immunoreactive magnocellular neurons. The lateral (CeQ and medial (CeM) divisions of the central 
nucleus of the amygdala are also enriched in GluR 1. Scale bar, 182 pm. B, Preadsorption of GluR 1 antibody with a synthetic peptide corresponding 
to the C-terminus of the GluRl polypeptide abolishes all immunoreactivity within the NBM and the amygdala. Black dots in the center of the 
photograph represent mineral deposits or pigmentation and not immunoreactivity. Scale bar, 182 pm. C, The NBM contains few, if any, GluR2/ 
3/4c-immunoreactive magnocellular neurons. Lateral and medial divisions of the central nucleus of the amygdala show moderate levels of GluR2/ 
3/4c immunoreactivity, whereas basolateral (BL) and basomedial (Bw amgydalar nuclei are enriched in GluR2/3/4c-immunoreactive neurons. 

-. Scale bar, 403 Wm. 

(Fig. 9F). In GluRl/calbindin-D28 preparations, very few large 
isodendritic GluR 1 -containing neurons within the BFMC of rat 
showed calbindin-D28 immunoreactiviity, but GluR 1 colocal- 
ized within the majority ofcalbindin-immunoreactive neurons 
in the BFMC of monkey (data not shown). In sections double 
labeled for GluRl and markers for GABAergic neurons, the 
majority of GABA-, GAD-, and parvalbumin-positive neurons 
within the BFMC of rat, but not monkey, expressed GluRl (Fig. 
9D). However, not all GluRl-immunoreactive neurons in the 
basal forebrain of rat were GABAergic, because many medium- 
sized to large multipolar and fusiform neurons immunoreactive 
for GluR 1 were not immunoreactive for GABA, GAD, or ChAT. 
The transmitter phenotype of these neurons is still unclear. 

Discussion 
This study demonstrates that neurons within the BFMC of rat 
and monkey express the AMPA subtype of ionotropic GluR 
and that these cells express the major subunits of the AMPA 

receptor differentially. By immunocytochemistry, GluR 1 is the 
major AMPA receptor subunit expressed in cell bodies and 
aspiny dendrites of neurons within the BPMC in both species. 
Immunoblot analysis shows that both GluRl and GluR2/3/4c 
are enriched similarly in homogenates of dissected basal fore- 
brain; the abundance of GluR4 is low within this region of the 
brain. On immunoblots, GluR antibodies detect GluR proteins 
from a variety of different neuronal populations within the basal 
forebrain. The majority of GluRl and, particularly, GluR2/3/ 
4c immunoreactivities detected by immunoblotting is likely to 
be derived from nonmagnocellular and, less prominently, mag- 
nocellular neuronal compartments within the basal forebrain 
that show intense positive staining as revealed by immunocy- 
tochemistry. Thus, because of the cellular heterogeneity of the 
basal forebrain, an immunocytochemical evaluation of the dis- 
tributions of GluR was crucial for the precise identification of 
neurons that specifically express these receptor proteins. 

Most large cells within the BFMC are either choline& (Me- 
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Figure 7. Cellular localization of 
GluR 1 within the nucleus of the diag- 
onal band and the NBM in primates. 
A, GluR 1 -immunoreactive neurons are 
present within the nucleus of the hori- 
zontal limb of the diagonal band of Bro- 
ca in a lion-tailed macaque. Scale bar, 
72 pm. B. Many GluR 1 -positive mag- 
nocellular neurons are found within the 
posterior NBM in rhesus monkey. eml, 
external medullary lamina; P, putamen. 
Scale bar, 56 pm. C, In plastic sections 
(1 pm thick) of the NBM in macaque, 
GluR 1 is enriched within the cytoplasm 
of magnocellular neurons. Scale bar, 
10 pm. 

sulam et al., 1983a,b, 1984) or GABAergic (KBhler et al., 1984; 
Brashear et al., 1986; Walker et al., 1989) neurons. In this region, 
GAD, the enzyme that synthesizes GABA, does not colocalize 
with ChAT in individual neurons (Brashear et al., 1986) but 
does colocalize with parvalbumin, a calcium-binding protein 
that marks subsets of GABAergic neurons within the BFMC of 
rat (Kiss et al., 1990). In contrast, calbindin-D28, another cal- 
cium-binding protein, is a marker for cholinergic neurons in the 
BFMC in primates (Celio and Norman, 1985; Schatz et al., 
1990; Chang and Kuo, 199 1). 

The present study of the BFMC shows that GABAergic neu- 
rons of rat express GluR 1, whereas cholinergic neurons of pri- 
mate express GluR 1. These neurons were characterized by their 
transmitter-synthesizing enzymes and ultrastructural morphol- 
ogy. Because other major subunits of the AMPA receptor are 
expressed in low abundance in this population of neurons, po- 
tential species differences in these subunits were not evaluated. 
It is unlikely that these observed species differences in the cel- 
lular localization of GluRl are caused by methodological con- 
siderations. Although these antibodies were generated against 
peptides derived from the predicted polypeptide sequences en- 
coded by the rat AMPA GluR genes, the human homolog of 

the GluRl gene (i.e., GluHI) is nearly identical (97% amino acid 
identity) to the rat GluRl gene (Puckett et al., 1991). Moreover, 
these antibodies detect bands of protein with similar molecular 
masses in rat, monkey, and human brains (Fig. 1) (Blackstone 
et al., 1992a,b). It is possible that these species differences in 
the cellular localization of AMPA receptors within the BFMC 
represent a phylogenetic transformation in the mechanisms by 
which glutamatergic synapses influence information transfer 
within the basal forebrain. In the course of evolution, the BFMC 
and, in particular, the NBM have undergone prominent phy- 
logenetic changes that seem to parallel the development of neo- 
cortex (Gorry, 1963). In rodents, insectivores, and carnivores, 
the NBM is incompletely segregated from contiguous basal fore- 
brain regions (Gorry, 1963; Parent, 1986). Thus, glutamatergic 
mechanisms, as well as molecular subtypes of GluR expressed 
by subsets of neurons, may have been modified commensurately 
with the development ofthe forebrain. The expression ofAMPA 
receptors in cholinergic neurons of the BFMC in primates may 
reflect a direct, excitatory, glutamatergic feedback from neo- 
cortex or limbic regions. 

Inputs to the BFMC originate mainly from limbic and para- 
limbic cortical regions, amygdala, thalamus, and brainstem; 
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many of these afferents may use glutamate or aspartate as their 
neurotransmitter (Zaczek et al., 1979; Walaas and Fonnum, 
1980; Mesulam and Mufson, 1984; Woolfe et al., 1984; Carnes 
et al., 1990; Jaskiw et al., 199 1). The presence of choline& or 
GABAergic BFMC neurons that are enriched in AMPA receptor 

! ,P--- 
Figure 8. Topographic distributions 
of GluR 1 -immunoreactive neurons in 
the basal forebrain of primate: repre- 
sentative maps showing the distribu- 
tions of GluR 1 -positive neurons in the 
anterior (A) and posterior (B) NBM of 
the rhesus monkey. Insets (upper left) 
show the level of the section. Each sym- 
bol (+ or x) represents one neuronal 
cell body. Scale is at left. 

subunits indicates that these cell bodies and dendrites express 
glutamate-gated ion channels and are regulated by glutamatergic 
synapses. In rat, our ultrastructural demonstration that GluR I- 
positive neurons establish axosomatic and axodendritic syn- 
apses with terminals containing round, clear vesicles is consis- 
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Figure IO. Topographic distribution 
of AMPA receptor-expressing neurons 
and cholinergic neurons within the bas- 
al forebrain of rat. Plots from represen- 
tative double-labeled sections showing 
that GluR 1 -immunoreactive neurons 
(squares) and ChAT-immunoreactive 
neurons (x) are different populations of 
cells within the rat basal forebrain. A is 
more rostra1 than B. Insets (upper right) 
show the level ofthe section. Each sym- 
bol (square or X) represents one neu- 
ronal cell body. Scale is at left. 

t 

Fiaure 9. Colocalization of GluRl with other neuronal markers in the BFMC of rat and monkey. A-C, Within the medial septal nucleus (AA). 
nucleus of the diagonal band (B), and NBM (C) of rat, GluRl and ChAT immunoreactivities are segregated within distinct subsets of neurons. 
Arrowheads identify representative ChAT-positive neurons labeled with BDHC (blue-green, granular reaction product). Arrows identify representative 
GluRl-immunoreactive neurons labeled with diaminobenzidine (brown reaction product). Scale bars: A, 62 pm; B, 25 pm; C, 20 pm. D, GluRl 
and parvalbumin immunoreactivities colocalize within subsets of neurons (arrowhead) within the BFMC of rat. Scale bar, 36 pm. E, Within the 
NBM (as well as other BFMC regions) of nonhuman primate, GluRl colocalizes within virtually all choline& neurons (arrow). GluRl was 
visualized with diaminobenzidine; ChAT was visualized with benzine dihydrochloride. Long, smooth dendrites are found to be double labeled 
(arrowheads). Scale bar, 38 pm. F, Within the same section of monkey brain seen in E, GluR 1 does not colocalize with magnocellular choline& 
neurons within the striatum. GluR 1 -positive neurons (arrow) and ChAT-immunoreactive neurons (arrowheads) are distinct subsets of cells within 
this region. Scale bar, 40 pm. 
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tent with this idea. In in vitro slice preparations of the rodent 
medial septum-diagonal band complex, cholinergic and non- 
cholinergic neurons (presumably GABAergic neurons) differ in 
action potential parameters, spike afterpotentials, and current- 
voltage relationships (Markram and Segal, 1990). Moreover, in 
culture, cholinergic basal forebrain neurons (but not noncholi- 
nergic neurons) have broad action potentials with a Ca*+ com- 
ponent (Segal, 1986; Griffith, 1988). The finding that cholinergic 
and noncholinergic neurons within the BFMC have different 
patterns of GluR expression may explain, in part, their different 
excitatory electrophysiological characteristics, because these dif- 
ferent subsets of neurons may express distinct ion channels. 
Moreover, cholinergic and noncholinergic BFMC neurons may 
express other subtypes of GluR (such as NMDA receptors, KA 
receptors, or phosphoinositide-linked metabotropic receptors), 
which may contribute to their differential electrophysiological 
properties. 

The results of this study may be relevant to the functions of 
septohippocampal projections, because this circuit is an im- 
portant modulator of long-term potentiation (LTP) of synaptic 
efficacy within hippocampus. LTP can be induced preferentially 
in maximally depolarized neurons (Larson et al., 1986; Pavlides 
et al., 1988), and EPSP-spike (E-S) potentiation, a form of LTP 
produced by tetanic stimulation of the glutamatergic perforant 
path, is enhanced in dentate gyms by pairing septal and per- 
forant path trains (Robinson, 1986). In this model, coac- 
tivation of the excitatory perforant path and septal GABAergic 
and/or cholinergic projections to hippocampus would maximize 
hippocampal responsiveness. The functional interpretations of 
our results suggest that glutamate-mediated activation ofAMPA 
recceptor-expressing, GABAergic, hippocampopetal neurons 
within the septum would reduce postsynaptic inhibition and, 
indirectly, augment excitability of granule and pyramidal neu- 
rons in hippocampus. Support for this idea is found in studies 
showing that GABAergic inhibitory projections from the medial 
septum synapse on inhibitory interneurons in hippocampus 
(Freund and Antal, 1988; Gulyas et al., 1991) and that picro- 
toxin, a GABA receptor antagonist, blocks tetanus-induced E-S 
potentiation in rodent hippocampus (Fantie and Goddard, 1982; 
Bilkey and Goddard, 1985). In contrast, the excitation of AMPA 
receptor-expressing, cholinergic, hippocampopetal neurons 
within the septum may directly increase the intrinsic postsyn- 
aptic excitability of the hippocampus. Support for this idea is 
derived from observations showing that cholinergic neurons 
within the septum innervate all major cell groups in the hip- 
pocampal formation (Frotscher, 1989) and ACh excites hip- 
pocampal pyramidal cells (Kelly et al., 1979; Kmjevic et al., 
1982). AMPA receptor-activated medial septal efferents may, 
thus, modulate the balance of excitation and inhibition within 
hippocampus and, perhaps, facilitate perforant path-driven, 
NMDA receptor-mediated postsynaptic plasticity within hip- 
pocampal neurons. We conclude that the synaptic regulation of 
neural networks designed to modulate hippocampal function, 
including glutamatergic inputs to septal cholinergic and GA- 
BAergic neurons that project to hippocampus, differ in rodents 
and primates. However, despite anatomical differences, the elec- 
trophysiological and functional outcomes of activation of these 
neural systems may be similar in rodents and primates. 

The physiological activity of cholinergic neurons within the 
BFMC is believed to be important for mechanisms of memory, 
cognition (Bartus et al., 1986; Olton and Wenk, 1987) and 
reinforcement (Wilson and Rolls, 1990). To study the roles of 

the basal forebrain in tests for learning and memory, excitotoxic, 
axon-sparing lesions are made with excitatory amino acid an- 
alogs that destroy neurons in the basal forebrain (Dunnett et al., 
199 1; Fibiger, 199 1). Ibotenate, KA, and NMDA lesions of the 
basal forebrain cause robust deficits in performance on a variety 
of tasks for discrimination, learning, and memory, but these 
toxins damage a variety of different neuronal populations within 
the basal forebrain (Dunnett et al., 1991; Page et al., 199 1). In 
contrast, AMPA-induced lesions of the rodent basal forebrain 
cause only marginal deficits in behavioral tasks, but AMPA is 
purported to be more selective for destroying cholinergic neu- 
rons while sparing pallidal and other noncholinergic neurons 
(Page et al., 1991). However, in these paradigms, excitotoxic 
effects on GABAergic neurons within the basal forebrain have 
not been ascertained (Dunnett et al., 1991; Page et al., 1991). 
Our present and previous results (Blackstone et al., 1992b; Price 
et al., 1992) show that AMPA receptors are expressed in several 
nonmagnocellular and magnocellular neuronal populations 
within the basal forebrain, including the nucleus accumbens, 
ventral pallidum, and bed nucleus-amygdala continuum, as well 
as in GABAergic neurons of rat and cholinergic neurons in 
monkey. The infusion of pharmacological dosages of AMPA is 
unlikely to discriminate between populations of transmitter- 
and connectivity-specific neurons within the basal forebrain. In 
addition, injury of cholinergic neurons in the BFMC may result 
secondarily from a persistent reduction of GABAergic synaptic 
inhibition ensuing from primary excitotoxic destruction of 
GABAergic neurons that innervate cholinergic neurons (Leranth 
and Frotscher, 1989; Zaborszky et al., 1986). In the basal fore- 
brain of rat, our findings that noncholinergic GABAergic neu- 
rons (but not magnocellular cholinergic neurons) express AMPA 
receptors would support this idea. Thus, the present results em- 
phasize the need to interpret the functional consequences of 
excitotoxic lesions in the basal forebrain in relation to the cel- 
lular heterogeneity, microcircuitry, and receptor-mediated reg- 
ulation of this region as well as the species differences in the 
anatomical and, perhaps, synaptic organization of the BFMC. 

Our findings may provide some insight into human neuro- 
logical disorders where dysfunction of the BFMC has been im- 
plicated. Aged individuals and patients with Alzheimer’s disease 
manifest learning and memory deficits that result, in part, from 
loss or atrophy of magnocellular basal forebrain cholinergic neu- 
rons projecting to hippocampus and neocortex (Bowen et al., 
1976; Davies and Maloney, 1976; Whitehouse et al., 1982; Can- 
dy et al., 1983; Price et al., 1985). Endogenous excitotoxins that 
act as GluR agonists may participate in the neuronal injury and 
death that occurs in chronic neurodegenerative diseases, in- 
cluding Alzheimer’s disease (Choi, 1988; Greenamyre and 
Young, 1989; Olney, 1991). The abnormal activation of sub- 
types of GluR and the subsequent elevation of intracellular Caz+ 
levels and disruption of cellular energy metabolism are thought 
to be primary mechanisms ofexcitotoxic cell injury (Choi, 1988; 
Novelli et al., 1988; Olney, 1991; Beal, 1992). This study pro- 
vides relevant results in this regard by demonstrating the ex- 
pression of AMPA receptors in cholinergic neurons of the BFMC 
in nonhuman primates. Moreover, this study shows that GluR 1 
is the predominant subunit expressed by these neurons. GluR4 
and GluR2, GluR3, or GluR4c are also present in this region, 
but at levels lower than GluRl. In Xenopus oocytes, AMPA 
receptor channels, formed by certain combinations of subunits, 
are permeable to Ca2+ (Hollmann et al., 199 1). For example, 
inward Ca*+ currents are seen with channels formed by GluR 1, 
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GluR3, and GluRl plus GluR3, but assemblies of GluRl plus 
GluR2 and GluR3 plus GluR2 arc not permeable to Ca*+ (Holl- 
mann et al., 199 1). Site-directed mutagenesis experiments show 
that a single amino acid change (glutamine to arginine) at po- 
sition 586 in the putative second transmembrane segment of 
GluR2 is responsible for subunit-specific current-voltage rela- 
tions and Ca2+ permeability (Verdoorn et al., 199 1). It is inter- 
esting that, among GluRl-GluR4, the dominant AMPA recep- 
tor subunit in cholinergic neurons of the BFMC of primates is 
GluR 1 [a subunit that, when expressed alone, forms functional 
channels permeable to Ca2+ (Hollmann et al., 1991)]. Thus, 
changes in the subunit composition of ionotropic GluR or mu- 
tations in the genes that encode these receptor subunits could 
render cholinergic neurons within the BFMC selectively vul- 
nerable to excitotoxic injury in age-associated neurodegenera- 
tive diseases. Future studies on the regional and cellular local- 
ization of GluR proteins in human brain are needed to clarify 
the status of these receptor proteins in aged individuals, subjects 
with Alzheimer’s disease, and patients with other neurological 
disorders in which excitoxicity may play a role. 
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