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Basal forebrain cholinergic neurons (BFCNs) provide the major
subcortical source of cholinergic input to cerebral cortex and
play an important role in regulating cortical activity. The present
study examined the ability of BFCNs to influence neocortical
neuronal growth by examining effects of the presence of BFCNs
on certain cortical neurons grown under the controlled condi-
tions of dissociated cell culture. Initial experiments demon-
strated distinctive morphological features of a population of
neurons (labeled with SMI-32, a monoclonal antibody to non-
phosphorylated neurofilament proteins that labels pyramidal
neurons in vivo) in cocultures containing basal forebrain (BF)
and cortical cells. These neurons (large neurons immunoreac-
tive for SMI-32 [SMI-32(1) neurons]) were characterized as
having extensive axons, greater soma size, and more dendritic
growth than did most SMI-32(1) neurons in the cultures. Stain-

ing for SMI-32 in cocultures in which the cortical neurons were
labeled with a fluorescent marker before adding the BF cells
indicated that virtually all large SMI-32(1) neurons were of
cortical origin. Eliminating BFCNs with the selective cholinergic
immunotoxin 192 IgG–saporin resulted in a .80% decrease in
the number of large SMI-32(1) neurons, although causing little
damage to other cells in the treated cultures; this suggests that
survival or maintenance of large SMI-32(1) neurons may de-
pend on ongoing trophic support from BFCNs. Thus, present
findings suggest that BFCNs may provide powerful growth-
and/or survival-enhancing signals to a subset of cortical
neurons.
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Basal forebrain cholinergic neurons (BFCNs) project their axons
to innervate neocortical neurons (Divac, 1975; Bigl et al., 1982;
Eckenstein et al., 1988; Calarco and Roberston, 1995). In turn,
neocortical neurons produce trophic factors, including the neu-
rotrophins, that can bind to receptors at the cholinergic axon
terminals and activate cellular processes supporting BFCN sur-
vival and differentiation. The trophic effects of the neurotrophins
on BFCNs have been demonstrated during development (Ha-
tanaka et al., 1988; Hsiang et al., 1989; Nonomura et al., 1995; Ha
et al., 1996a) and also seem to extend into later life. For example,
lesions of the fimbria–fornix, which disrupt retrograde transport
of neurotrophins from the hippocampus to the basal forebrain
(BF), result in atrophy of BFCNs in adult animals (Gage et al.,
1986; Hefti, 1986; Sofroniew et al., 1993; Koliatsos et al., 1994).
Conversely, elimination of BFCNs induces changes in neocortical
neurons, including reductions in cell number, cell size, and den-
dritic length of some cortical neurons (Arendash et al., 1987;
Hohmann et al., 1991; Wellman and Sengelaub, 1991, 1995;
Roßner et al., 1995; Robertson et al., 1998). Collectively, these
results indicate that BFCNs and cortical neurons are functionally
interdependent and suggest that a breakdown in the function of
one population may adversely effect the other. Such interdepen-
dence could be evidenced in degenerative conditions such as

Alzheimer’s disease (AD), in which both BFCNs and certain
cortical pyramidal neurons degenerate (Davies and Maloney,
1976; Whitehouse et al., 1982; Morrison et al., 1987; Hof and
Morrison, 1990; Hof et al., 1990; Cullen et al., 1997).

Numerous studies have examined the potential interdepen-
dence between BFCNs and cortical cells during development.
For example, although BFCNs appear to survive in vivo in NGF
knock-out mice (Crowley et al., 1994), experiments in vitro sug-
gest that BFCNs require nerve growth factor or other cortically
produced neurotrophic factors during a critical developmental
period (Svendsen et al., 1994; Ha et al., 1996a). This critical
period corresponds to the period of development of cortical
innervation by the BFCNs in vivo (Dinopoulos et al., 1989;
Calarco and Robertson, 1995). Whereas these and other studies
have provided a general understanding of how cortical cells may
regulate the development of BFCNs, our understanding of how
BFCNs might modulate cortical development remains poor. Re-
cent data, however, demonstrate that normal levels of cholinergic
innervation may be important for development of dendritic fea-
tures of some cortical pyramidal cells (Hohmann et al., 1991;
Robertson et al., 1998).

In a previous study, we examined interactions between BFCNs
and cortical neurons by growing dissociated BF and cortical cells
together in cocultures. BFCNs in this highly simplified system
form synapses with cortical neurons and display increased sur-
vival and enhancement of morphological features (Ha et al.,
1996a). In the present study, a similar coculture system was used
to examine effects of the presence of BFCNs on the phenotype of
a subset of developing cortical neurons. Because BFCNs inner-
vate cortical pyramidal neurons in vivo (Wainer et al., 1984;
Houser et al., 1985; Houser, 1990) and elimination of the BFCNs
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seems to affect pyramidal target neurons, we set out to investigate
effects of BFCNs on putative cortical pyramidal neurons in cul-
ture. As a neuronal marker, we chose the anti-nonphosphorylated
neurofilament antibody SMI-32 that provides extensive morpho-
logical detail needed for these studies. In vivo, SMI-32 labels large
subsets of pyramidal neurons, including those that are prone to
degenerate in AD (Morrison et al., 1987; Hof and Morrison,
1990; Hof et al., 1990) and many of which express acetylcholines-
terase (AChE), suggesting that they may be important physio-
logical targets of BFCN projections in cortex (Mesulam and
Geula, 1991).

Parts of this paper have been published previously (Ha et al.,
1996b).

MATERIALS AND METHODS
Animals
Brain tissues used for preparing cell cultures were derived from fetuses
and neonates of timed-pregnant Sprague Dawley rats (Simonsen Labs).
Pregnant dams were killed by lethal injections of sodium pentobarbital,
and the fetuses were rapidly removed into cold medium; the neonates
were killed by decapitation. All animals were deeply anesthetized with
Halothane before death. The use of animals was conducted in accor-
dance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Cell culture preparation
The general preparation and maintenance of cultures were performed
primarily as described by Ha et al. (1996a). Briefly, the neocortex and the
BF were dissected from the brains of fetuses (gestational age, 16–17 d)
that were removed from timed-pregnant rats. The dissected cortex and
BF were kept in separate dishes, minced, and incubated in trypsin for 30
min at 37°C. Further dissociation of the brain tissues was accomplished
by trituration using Pasteur pipettes with decreasing bore sizes. The
resulting cell suspensions were diluted in a plating medium (PM) con-
sisting of Eagle’s minimal essential medium (MEM-Earle’s salts, sup-
plied glutamine-free) supplemented with 10% heat-inactivated horse
serum, 10% fetal bovine serum, glutamine (2 mM), and glucose (total, 25
mM). The diluted cell suspensions were plated on previously established
monolayers of cortical astrocytes in 24-well tissue culture plates at
1.0–2.0 3 10 5 cells per cm 2 for pure BF or pure cortical cultures and at
2.0–4.0 3 10 5 cells per cm 2 for cocultures (see below) and were main-
tained at 37°C in a 5% CO2 incubator. After 5–7 d, cultures were treated
with 10 25 M cytosine arabinoside to reduce non-neuronal cell division.
Cultures were fed with a maintenance medium that is similar to the PM
but lacks fetal bovine serum. The astrocyte cultures used to plate neurons
were prepared by plating cortical cells, taken from postnatal rats (day
1–3), directly on Falcon Primaria culture plates in medium supplemented
with epidermal growth factor (10 ng/ml).

Several types of dissociated cell cultures were used in this study.
Pure BF or pure cortical cultures. For some experiments, pure BF and

pure cortical cultures consisting of only BF and cortical cells, respec-
tively, were prepared as described by Hartikka and Hefti (1988), Rose et
al. (1993), and Ha et al. (1996a). Great care was taken to remove
unwanted neighboring tissue to make these cultures as pure as possible.
Although the BF dissection procedure may take much tissue from the
medial septum/diagonal band, and less from the nucleus basalis magno-
cellularis itself, recent studies using organotypic basal forebrain slices
cocultured with either neocortex or hippocampus demonstrate that the
cholinergic neurons do not discriminate and that cells from either region
of BF project equally well to both neocortex and hippocampus (Baratta
et al., 1996).

Mixed BF–cortical cocultures. These were prepared by plating previ-
ously separated BF and cortical cells together. Two types of cocultures
were prepared. The first consisted of BF and cortical cells that were
combined, plated concurrently, and grown for a varied number of days
(usually 18–20) depending on the experiment. When these cocultures
were grown for only 5 d, they are referred to as 5CB cocultures. In the
second type of cocultures, the cortical cells were plated first and grown
alone for 5 or 12 d, after which BF cells were added for an additional 5 d
(referred to as 5C5CB and 12C5CB cocultures, respectively). The con-
verse setups, with the BF cells grown first for 5 d (5B5BC) or 12 d

(12B5BC cocultures) followed by the addition of cortical cells, were also
prepared.

Tandem cultures. To address issues regarding contact-mediated effects,
we divided culture wells into two compartments using glass rings (8 mm;
Bellco Glass, Vineland, NJ) coated with sterile vacuum grease. The
dissociated BF cells were plated into the center compartment and al-
lowed to attach. After 2–3 d, the rings were removed, and dissociated
cortical cells were plated into the entire well. This resulted in tandem
cultures that have regions consisting of only cortical cells as well as
regions consisting of both cortical and BF cells but sharing a common
astrocyte substratum and culture medium.

CellTracker labeling
Pure cortical cultures (12-d-old) were rinsed twice with a defined
medium before the addition of the fluorescent cell marker
5-chloromethylfluorescein diacetate [CellTracker Green (CT); 10 mM;
Molecular Probes, Eugene, OR]. The CT is taken up into cells in which
it is de-esterified, producing stable intracellular fluorescence that can be
detected with a fluorescein optical filter (excitation, 492 nm; emission,
516 nm). The cultures were incubated with the CT at 37°C until virtually
all of the cortical neurons were clearly labeled (usually 1 hr), followed by
removal of the CT with three media rinses. BF cells were then plated into
these cultures and grown for 5 d as described above (12C5CB cocultures).

Immunocytochemistry
Cultures were fixed for 45 min in 4% paraformaldehyde at room tem-
perature, followed by three PBS rinses. Cultures were then incubated in
a blocking solution consisting of 10% horse serum in PBS for 1 hr at
25°C. Exposure to the appropriate primary antibodies was performed in
fresh blocking solution for 24 hr at 4°C. Primary antibodies included
SMI-32 (1:5000 in PBS with 0.2% Triton X-100; made in mouse; Stern-
berger Monoclonals Inc., Baltimore, MA), anti-choline acetyltransferase
(ChAT) (1:2000; made in goat; Chemicon, Temecula, CA), anti-p75
(1:5000; made in rabbit; Chemicon), or anti-GABA (1:10,000; made in
rabbit; Sigma, St. Louis, MO). After the primary antibodies were re-
moved with three PBS rinses, the cultures were incubated in secondary
antibodies. For single staining, the appropriate biotinylated anti-mouse,
anti-goat, or anti-rabbit secondary antibody was used (1:200; 1 hr; 25°C;
Vector Laboratories, Burlingame, CA). After washout with PBS, avidin–
horseradish peroxidase (ABC solution; Vector Laboratories) was added
(1 hr; 25°C), and labeled cells were visualized using 3-amino-9-
ethylcarbazole and 0.003% H2O2 in acetate buffer (50 mM), pH 5.0. For
double staining, cultures were first stained for ChAT, p75, or GABA
using the procedure described above. After these stains were developed,
the cultures were then incubated with the SMI-32 antibody (1:2500 in
PBS with 0.2% Triton X-100; 24 hr; 4°C). To avoid cross-reaction, we
used an anti-mouse IgG–Cy3 secondary antibody (1:200; Jackson Immu-
noResearch, West Grove, PA) to detect SMI-32 immunoreactive cells
under fluorescent microscopy using a Cy3 optical filter (excitation, 510–
560 nm; emission, .590 nm).

For stains of brain slices, two rat pups were killed at ages postnatal day
0 (P0), P7, and P14, and tissue was fixed by perfusion with 4% parafor-

Table 1. Colocalization of ChAT or SMI-32 immunoreactivity with
various other markers

ChAT(1) Large SMI-32(1)

Neurons examined 300 500
CT (1) # 0 490
ChAT(1) #* — 0
AChE(1) #* — 0
GABA(1) #* — 28
p75(1)* 297 15
192 IgG-Cy3(1)* 295 0

For each double-labeling study, 300 ChAT(1) or 500 SMI-32(1) neurons (from five
to six experiments) were randomly chosen and examined for colabeling with the
other indicated markers. For studies examining ChAT, AChE, or GABA colabeling,
large SMI-32(1) neurons were selected from both 12C5CB cocultures (240 cells)
and from BF-cortical cocultures grown for ;18–20 d (260 cells); similar results were
found in both culture types. A number sign indicates colabeling of 12C5CB cocul-
tures; an asterisk indicates colabeling of cocultures grown for 18–20 d.
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maldehyde. Frozen sections (50 mm) were then processed for SMI-32
immunocytochemistry as described above.

Acetylcholinesterase histochemistry
AChE staining was performed as described by Tago et al. (1986) with
minor modifications. Cultures were fixed with 4% paraformaldehyde for
;40 min, after which they were rinsed three times with 0.1 M maleate
buffer, pH 6.0. The cultures were then incubated in a fresh solution
consisting of 300 mM copper sulfate, 500 mM sodium citrate, 50 mM
potassium ferricyanide, and 30 mM acetylthiocholine iodide in 0.1 M
maleate buffer for 1–2 hr in the dark. After being rinsed with PBS five
times, the cultures were incubated in an intensification solution (0.04%
DAB, 0.3% nickel ammonium sulfate, and 0.003% H2O2 in PBS) until
cells were clearly stained (15–30 min). For AChE and SMI-32 double
labeling, the AChE histochemistry was performed first, followed by
SMI-32 immunocytochemistry. Again, an anti-mouse IgG–Cy3 second-

ary antibody was used to visualize cells labeled with the SMI-32 primary
antibody.

192 IgG–saporin treatment
Tandem cultures were prepared and maintained as described above. On
day 12 and again on day 16 of a 22 d culturing period, some of the
cultures were treated with the 192 IgG–saporin (35–40 ng/ml; Chemi-
con). The cultures were then stained with the SMI-32 antibody on day 22.
In investigations of effects of 192 IgG–saporin on BFCNs, pure BF
cultures were grown for 14 d before treating with the 192 IgG–saporin
for a varied number of days and staining for ChAT as described above.
For experiments examining effects of 192 IgG–saporin treatment on pure
BF cultures before addition of cortical cells, E17 BF cells were grown for
6–8 d before addition of the 192 IgG–saporin for 3 d. The cultures were
then thoroughly washed, and E17 cortical cells were added for an addi-
tional 14 d before staining for ChAT or for SMI-32.

Figure 1. Morphological appearance of some SMI-32(1) neurons in cocultures. Photomicrographs show SMI-32-labeled neurons in a pure BF culture
(A), a pure cortical culture (B), and a BF–cortical coculture (C). The coculture consisted of both BF and cortical cells combined at the time of plating,
and all three types of cultures were grown for 18–20 d before SMI-32 staining. Note the two large SMI-32(1) neurons (long arrows) and their long axons
in the photomontage (C). Short arrows indicate small SMI-32(1) neurons. Scale bar, 200 mm.
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To study which cells in culture took up the 192 IgG–saporin, we
conjugated the same 192 IgG antibody to the fluorescent marker Cy3
(Chemicon) instead of saporin. Cocultures were treated with the 192
IgG–Cy3 (50–100 ng/ml) for 1–2 hr before fixation and staining with the
SMI-32 antibody. In this case, the neurons immunoreactive for SMI-32
[SMI-32(1) neurons] were visualized with a secondary antibody labeled
with the fluorescent marker Cy2 (seen with a fluorescein optical filter;
1:200; Jackson ImmunoResearch).

Quantitative analysis
For morphological measurements, stained cultures were viewed under
bright-field microscopy (1003), and fields were randomly selected by
blindly scrolling through a grid pattern of approximately seven by seven
fields and randomly stopping at intervals of three to four fields, such that
12–14 fields representing all areas of the dish and constituting ;25% of
total dish area were selected for imaging and analysis. A total of 30–40
fields were imaged from three to four sister cultures per condition for
each experiment. The images were imported into a computer in which
SMI-32(1) cells within each field were counted and their morphological
features were measured using COMOS software from Bio-Rad (Her-
cules, CA). The parameters measured were cell area, total dendritic
length, number of first-, second-, and third-order dendrites, and the
presence or absence of a long (.1500 mm) axon. Evaluation of data
revealed that the presence of a long axon was the single trait that most
reliably distinguished the large SMI-32(1) neurons from other SMI-
32(1) neurons.

To assess double-labeling experiments, we first identified large SMI-
32(1) neurons based on morphological criteria, including long axons,
large soma size, and extensive dendritic arbor. Other experiments re-
quired the initial identification of ChAT(1) neurons. These large SMI-
32(1) or ChAT(1) neurons were then examined for the presence of label
for other markers, as indicated in Table 1. For each double-labeling
study, 500 large SMI-32(1) or 300 ChAT(1) neurons from five to six
experiments were examined.

The effects of 192 IgG–saporin treatment were assessed by comparing
cell counts of ChAT(1) or SMI-32(1) neurons in treated and untreated
cultures. In each culture well, the counts were determined from 52
consecutive, nonoverlapping microscope fields, covering over 95% of the
well area, using low-power (1003) bright-field optics. Neurons were
considered ChAT(1) or SMI-32(1) if they were clearly stained and if at
least two neurites could be identified. When the labeled cells displayed
atrophic cell bodies, disrupted cell membranes, and broken processes,
they were excluded from the counts. In each experiment, the percent loss
of ChAT(1) or SMI-32(1) neurons was calculated by comparing the
mean number of intact stained cells in several (three to four) control
(untreated) cultures with the mean number in several experimental (192
IgG–saporin-treated) cultures. In all experiments, both control and ex-
perimental conditions were on the same multiwell culture plate and
derived from the same plating.

Values are given as the mean 6 SEM, normalized to control conditions
in each experiment. Significance of the data was determined by ANOVA,
with the Bonferroni post hoc test, using Instat software (Graph Pad, San
Diego, CA).

RESULTS
Large SMI-32(1) neurons are only found in
BF–cortical cocultures
Initial experiments were conducted to characterize the popula-
tion of SMI-32(1) neurons in three different types of cultures
(pure BF cultures, pure cortical cultures, and mixed BF–cortical
cocultures) that were plated at gestational age 17 d (G-17) and
grown for 18–20 d (see Materials and Methods). As illustrated in
Figure 1, SMI-32(1) neurons were found in both pure BF (A)
and pure cortical (B) cultures; however, total numbers of SMI-
32(1) neurons were ;10 times higher in the cortical cultures. The
SMI-32(1) neurons in both of these pure culture types appeared
relatively small, with short isodendritic neurites and no identifi-
able axons. In the combined BF–cortical cocultures, SMI-32(1)
neurons were found with frequencies similar to those of the pure
cortical culture but appeared as two morphologically distinct
populations. The majority displayed morphological features sim-

Figure 2. The morphological features of SMI-32(1) neurons in cocul-
tures: a quantitative assessment. Fields from BF and cortical (Cor) cul-
tures and from BF–cortical cocultures such as those illustrated in Figure
1 were randomly selected and imaged, and all of the SMI-32(1) neurons
within each field were measured for cell size (A), extent of dendritic
growth (B), and extent of dendritic branching (indicated by the mean
number of primary, secondary, and tertiary dendrites of all of the cells
examined within each condition; C). In cocultures, the presence of a long
(.1500 mm) axon appeared to distinguish the minority (;5–10%) of
SMI-32(1) neurons (BF–Cor 1axons) that displayed enhanced morpho-
logical features from the remaining small SMI-32(1) neurons (BF–Cor
2axons) that were generally indistinguishable from those in pure cortical
cultures. Values for neurons with such prominent axons are therefore
graphed separately. Data are presented as the mean 6 SEM; n 5 120
fields for each condition, compiled from three experiments. An asterisk
indicates a significant difference of the SMI-32(1) neurons with promi-
nent axons from those lacking prominent axons in each culture condition;
p , 0.001 (ANOVA with Bonferroni post hoc test).

4204 J. Neurosci., June 1, 1998, 18(11):4201–4215 Ha et al. • Trophic Effects of BF Cells on Cortical Neurons



Figure 3. The appearance of large SMI-32(1) neurons in cocultures depends on the maturational state of the cortical neurons. Photomicrographs on
the lef t show representative SMI-32-stained fields from pure cortical cultures grown for 5 d ( A), 10 d ( C), or 17 d ( E) and from pure BF cultures grown
for 17 d (G). Photomicrographs on the right show fields from cultures identical to those shown on the lef t except that either BF (B, D, F ) or cortical (H )
neurons were added for the last 5 d before staining. Note the presence of large SMI-32(1) neurons only in cocultures in which the cortical neurons were
grown for at least 5 d before the addition of BF cells (D, F ). Scale bar, 100 mm.
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ilar to SMI-32(1) neurons found in pure cortical cultures [re-
ferred to as small SMI-32(1) neurons], whereas a minority [re-
ferred to as large SMI-32(1) neurons] displayed prominent axons
that can often be traced for long distances as well as large cell
bodies and extensive dendritic arbors (Fig. 1C).

Morphological characterization of SMI-32(1) neurons in ran-
domly selected fields of the cocultures showed that SMI-32(1)
neurons with long (.1500 mm) axons [5–10% of total SMI-32(1)
neurons] also had substantially larger somata, longer dendrites,
and greater dendritic branching than did most SMI-32(1) neu-
rons (Fig. 2). Thus, the presence of long axons seemed to be a

single criterion that could distinguish virtually all of the large
from the small SMI-32(1) neurons.

Phenotypic characteristics of SMI-32(1) neurons in
cocultures is dependent on the age of cortical cells
Initial experiments demonstrated the distinctive morphological
features of a subset of SMI-32(1) neurons in BF–cortical cocul-
tures grown for 18–20 d. Three sets of additional experiments
were performed to examine whether the appearance of neurons
with these morphological features was dependent on the age of
either the cortical or the BF neurons. In the first set of experi-

Figure 4. Patterns of SMI-32(1) neurons in developing neocortex. In animals killed at P0 (A, D), no SMI-32(1) neurons are detected, although some
labeling of capillaries can be seen. By P7 (B, E), pyramidal neurons in layer V show prominent SMI-32 reactivity. By P14 (C, F ), pyramidal neurons
predominantly in layers V and III are SMI-32(1). Scale bars: A–C, 200 mm; D–F, 50 mm.
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ments, G-17 cortical and BF cells were plated together concur-
rently and grown for only 5 d (5CB cocultures). No SMI-32(1)
neurons were found in these cocultures or in sister control cul-
tures containing only cortical (Fig. 3A,B) or BF cells (data not
shown). This lack of staining in immature cortical neurons is
consistent with the time course of appearance of SMI-32 immu-
noreactive neurons in vivo, in which distinct labeling of cortical
neurons is primarily absent at birth and intensifies considerably
by 2 weeks of age (Fig. 4).

The second set of experiments varied the number of days the
cortical neurons were grown in culture before the addition of
G-17 BF cells; the cocultures were then grown for 5 additional
days before staining with the SMI-32 antibody. When cortical
cultures were grown for either 5 or 12 d before the addition of BF
cells (5C5CB or 12C5CB cocultures), some SMI-32(1) neurons
showed prominent axons and other features of large SMI-32(1)
neurons (Fig. 3D,F). Control cortical cultures grown for 10 or
17 d without added BF cells contained only small SMI-32(1)
neurons (Fig. 3C,E).

The third set of experiments used the converse coculture par-
adigm; G-17 cortical cells were added to previously established
BF cultures and grown for 5 additional days. However, only small
SMI-32(1) neurons were observed in these cultures (12B5BC
cocultures) as well as in pure BF cultures grown for 17 d (17B
cultures) (Fig. 3G,H).

Quantitative analysis confirmed the above observations; large
SMI-32(1) neurons were found only in the cortical cultures that
had matured for 5 or 12 d before addition of BF cells (Fig. 5).
Moreover, the morphological measures of large SMI-32(1) cells
in 12C5CB cocultures were greater than were those in 5C5CB
cocultures (Fig. 5). Thus, the rapid (within 5 d) appearance of
large SMI-32(1) neurons after addition of BF neurons depends
on the maturational state of the cortical neurons.

Large SMI-32(1) neurons are derived from cortex
The observation that the rapid appearance of large SMI-32(1)
neurons in cocultures depends on the degree of cortical neuronal
maturation is consistent with the idea that the large SMI-32(1)
neurons are of cortical origin. To determine more directly the
origin of the large SMI-32(1) neurons, we prepared 12C5CB
cocultures as described above but before the addition of BF cells,
the 12-d-old cortical cells were labeled with the fluorescent
marker CT. The CT labeled virtually all of the cortical cells in
cultures and was readily detectable after 5 d. Longer periods
resulted in a significant loss of the labeling. Staining of these
cocultures for SMI-32 revealed numerous large SMI-32(1) neu-
rons, and of those examined, 98% were CT(1) (Fig. 6A–C; Table
1). In contrast, when these cocultures were stained for ChAT to
label the BFCNs, none of the 300 ChAT(1) neurons examined
was CT(1) (Table 1).

Additional double-labeling experiments, combining SMI-32
staining with ChAT, AChE, or GABA staining, were performed
in an attempt to characterize further the identity of the large
SMI-32(1) neurons. Two types of cocultures were used: BF–
cortical cocultures grown for 18–20 d and 12C5CB cocultures.
Nearly all (.95%) of the large SMI-32(1) neurons in both types
of cocultures lacked evidence of labeling for these markers (Fig.

Figure 5. The appearance of large SMI-32(1) neurons in cocultures
depends on the maturational state of the cortical neurons: a quantitative
assessment. Fields from various BF, cortical, and coculture conditions
were randomly selected and imaged, and all of the SMI-32(1) neurons
within each field were measured for cell size (A), extent of dendritic
growth (B), and extent of dendritic branching (indicated by the mean
number of primary, secondary, and tertiary dendrites of all of the cells
examined within each condition; C). Large SMI-32(1) neurons were only
observed in cocultures in which cortical neurons had matured for either
5 d (5C5CB) or 12 d (12C5CB) before addition of BF cells for an
additional 5 d. Because the presence of a long (.1500 mm) axon appeared
to distinguish large SMI-32(1) neurons from small SMI-32(1) neurons,
values for neurons with such prominent axons (5C5CB 1axon; 12C5CB
1axon) are graphed separately; n 5 90 fields for each condition, compiled
from three separate experiments. An asterisk indicates a significant dif-
ference of the SMI-32(1) neurons with prominent axons from those

lacking prominent axons in each culture condition, and a number sign
indicates a significance difference of the condition 12C5CB 1axon from
the condition 5C5CB 1axon; p , 0.01 for all significant differences
(ANOVA with Bonferroni test).
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Figure 6. Double fluorescence colocalization of SMI-32 and ChAT immunoreativity with other markers. A–C, Large SMI-32(1) neurons are of cortical
origin. Twelve-day-old cortical cultures were labeled with CT before addition of BF cells for an additional 5 d. Two large SMI-32(1) neurons are
demonstrated under fluorescence (A; using a Cy3-linked secondary antibody; red), under visible light (B), and again under fluorescence to reveal the CT
labeling (C; using a fluorescein optical filter; green). Note that the large SMI-32(1) neurons (arrows) are also labeled with the CT. D–I, Large SMI-32(1)
neurons are not labeled by 192 IgG–Cy3. Photomicrographs show fields of BF–Cor cocultures that were grown for 18–20 d and then treated with 192
IgG–Cy3 hours before fixation and staining for ChAT ( D–F) or SMI-32 ( G–I). ChAT(1) and SMI-32(1) (Figure legend continues).
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7; Table 1). However, small patches of diffuse AChE staining
were found on the cell bodies of numerous large SMI-32(1)
neurons (Fig. 7E,F, insets).

The appearance of large SMI-32(1) neurons in
coculture requires close proximity between cortical
and BF cells
Dissociated tandem cultures (see Materials and Methods) were
used to determine whether the appearance of large SMI-32(1)
neurons in cocultures requires close proximity between cortical
and BF cells. These tandem cultures contain both a coculture
region (containing BF and cortical cells) and a pure-culture
region (containing only cortical cells) that share the same medium
and astrocyte substratum. In these tandem cultures, large SMI-
32(1) neurons were found only in the coculture regions, whereas
the small SMI-32(1) neurons were found in both pure and
coculture regions (Fig. 8). Pure cortical cultures treated every 3 d
for 14–20 d with conditioned medium taken from pure BF cul-
tures contained only small SMI-32(1) neurons (data not shown).
Further studies plated cultures containing the usual density of
cortical neurons along with varied numbers of BF cells (the usual
number, threefold lower, and threefold higher) to examine the
“dose relationship” between numbers of BF cells and the number
of large SMI-32 cells. These studies indicate a positive (although
less than linear) relationship between numbers of BF cells and
numbers of large SMI-32(1) cells under the experimental con-
ditions with lower numbers of BF cells; under conditions with
greater than usual numbers of BF cells, there appears to be a
modest decrease in the number of large SMI-32(1) neurons (data
not shown).

Decreased numbers of large SMI-32(1) neurons after
192 IgG–saporin treatment
The selective cholinergic immunotoxin 192 IgG–saporin was
used in an attempt to determine whether BFCNs were responsi-
ble for inducing the distinctive features of large SMI-32(1)
neurons. In initial control experiments, we found that treatment
of pure BF cultures with 35–40 ng/ml 192 IgG–saporin for 3 or
more days resulted in a loss of .90% of ChAT(1) neurons,
without causing evident death of other neurons (Fig. 9A). The
effect of 192 IgG–saporin on SMI-32(1) neurons was examined
in tandem cultures because they contain pure cortical culture
regions (which provide an internal control for nonspecific toxic-
ity) as well as BF–cortical coculture regions in the same culture
well. In untreated tandem cultures grown for 22 d, the large
SMI-32(1) neurons were found, as expected, only in the cocul-
ture regions (Fig. 10A), whereas numerous small SMI-32(1)
neurons were found in both the pure cortical and BF–Cor cocul-
ture regions. Treating tandem cultures with 35–40 ng/ml of 192
IgG–saporin on day 12 and again on day 16 of a 22 d culturing
period resulted in a marked decrease in the number of large
SMI-32(1) cells. Indeed, these cultures contained fragmented
SMI-32-labeled neuritic processes, often lacking an intact cell
body, that likely represent degenerated large SMI-32(1) neurons
(Fig. 10B). Cell counts indicated a .80% decrease in the num-
bers of large and an ;30% decrease in the numbers of small
SMI-32(1) neurons in the coculture regions, whereas numbers of

small SMI-32(1) neurons in the pure cortical regions were un-
changed (Fig. 9B).

Providing further support to the idea that the appearance of
the large SMI-32(1) neurons in cocultures is specifically depen-
dent on the presence of BFCNs, addition of 192 IgG–saporin to
pure BF cultures before the addition of cortical cells markedly
decreased numbers of both BFCNs and large SMI-32(1) neurons
in the resultant cocultures (data not shown). However, the above
observations do not eliminate the possibility that the loss of large
SMI-32(1) neurons after addition of 192 IgG–saporin to cocul-
tures could in part reflect direct effects of this immunotoxin. To
address this issue, we first determined whether the large SMI-
32(1) neurons express the p75 low-affinity NGF receptor, which
is thought to be essential for mediating the endocytosis of the 192
IgG–saporin, by double staining cocultures for p75 and SMI-32.
Examination of the double stains revealed that over 95% of the
large SMI-32(1) neurons lacked immunoreactivity for p75 (Fig.
11A–C, Table 1). In contrast, virtually all ChAT(1) neurons were
strongly p75(1) (Fig. 11D–F, Table 1).

To assess more directly the ability of different cells to internal-
ize the 192 IgG–saporin, we produced a novel conjugate in which
the 192 IgG was linked to the fluorescent marker Cy3 instead of
saporin. Virtually all ChAT(1) neurons in cocultures took up the
192 IgG–Cy3 reporter conjugate (Fig. 6D–F, Table 1). In con-
trast, none of the large SMI-32(1) neurons in sister cultures
identically treated with the 192 IgG–Cy3 showed any Cy3 fluo-
rescence, indicating little or no uptake (Fig. 6G–I, Table 1). Some
astrocytes displayed Cy3 fluorescence (data not shown).

DISCUSSION
Beginning at late prenatal stages and continuing through the first
few weeks of postnatal development, axons of BFCNs reach the
cortex and establish the circuitry via which the cortical neurons
can exert trophic effects on the BFCNs. This circuitry is also
established between BFCNs and cortical neurons in dissociated
cocultures; indeed, BFCNs exhibit extensive neuritic and somatic
growth only when they are cocultured with cortical neurons (Ha
et al., 1996a). Thus, both in vivo and in vitro studies have demon-
strated trophic influences of cortical neurons on BFCNs. The
purpose of the present study was to determine whether reciprocal
effects exist, thus testing the hypothesis that BFCNs exert trophic
influences on cortical neurons. Such effects have been suggested
by in vivo studies showing cortical neuronal atrophy and loss and
revealing alterations in dendritic morphology and differentiation
of cortical neurons after placement of excitotoxic or electrolytic
lesions in the BF (Arendash et al., 1987; Hohmann et al., 1991;
Wellman and Sengelaub, 1991, 1995). Recently, a study using the
specific cholinergic immunotoxin 192 IgG–saporin to selectively
remove BFCNs in vivo demonstrated that reductions in cholin-
ergic innervation result in significantly reduced branching of
apical dendrites as well as reduced numbers of dendritic spines of
pyramidal neurons in the visual cortex (Robertson et al., 1998).
Because BFCNs innervate cortical pyramidal neurons in vivo
(Wainer et al., 1984; Houser et al., 1985) and many of the
sequelae observed after BF lesioning in vivo are expressed by
pyramidal neurons, the present study focused on the subset of

4

neurons are viewed under fluorescence (D, G, H ) using a Cy2-linked secondary antibody and a fluorescein optical filter (green), with a double exposure
showing both Cy2 and Cy3 fluorescence (E), and with only a Cy3 optical filter to show 192 IgG–Cy3 accumulation (F, I; red). Note that the ChAT(1)
but not the SMI-32(1) neuron is clearly labeled with the 192 IgG–Cy3. The scattered areas of fluorescence in F and I are nonspecific clumps of stain
and do not represent neurons. Scale bars: A–C, G, 100 mm; D–F, H, I, 50 mm.
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Figure 7. Large SMI-32(1) neurons are neither cholinergic nor GABAergic. Photomicrographs of cocultures (12C5CB) double stained for SMI-32 with
ChAT (A–C), AChE (D–F), or GABA (G–I) are shown. In each case, fields containing a large SMI-32(1) neuron are visualized under Cy3 fluorescence
to reveal the SMI-32 stain (A, D, G), under both bright field and fluorescence (B, E, H), or under bright field (C, F, I ). Note that in all cases, the large
SMI-32(1) neurons (long arrows [B, E, H]) show no labeling with the other markers examined, whereas other neurons in the same field (short arrows)
are strongly ChAT(1) ( C), AChE(1) ( F), or GABA(1) ( I ). The insets in E and F show high magnification of two diffuse patches of AChE reaction
product on the cell body of the large SMI-32(1) neuron in that field (seen under fluorescence in D, E). Scale bar, 100 mm.
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neurons in culture labeled with the monoclonal antibody SMI-32
that labels subsets of cortical pyramidal neurons in vivo (Morrison
et al., 1987; Hof and Morrison, 1990; Hof et al., 1990) (see also
Fig. 4).

The primary finding of this study is that cocultures containing
both BF and cortical cells display a subset of SMI-32-
immunoreactive neurons with distinctive morphological features:
prominent axons, large somata, and long-branching dendrites.
Thus, the appearance of these large SMI-32(1) neurons in co-
cultures is consistent with our working hypothesis that BFCNs
may induce growth and/or increase survival of subsets of cortical
pyramidal neurons in culture. Present data do not distinguish
between the possibility that the appearance of the large SMI-
32(1) neurons reflects morphological enhancement of small
SMI-32(1) cells present in the cultures or induction of a new
population of neurons that would either not survive or not be
observed by SMI-32 staining in pure cortical cultures.

Phenotypic identity and cortical origin of large
SMI-32(1) neurons
Several lines of evidence support the hypothesis that the large
SMI-32(1) cells are a subset of cortical pyramidal neurons. First,
studies using the fluorescent marker CT provided direct evidence
that virtually all of the large SMI-32(1) neurons are derived from
cortex and not from BF. Specificity of the CT labeling for cortical

neurons was achieved by complete removal of the CT with media
rinses before the addition of BF cells and also by the enzymatic
cleavage of the CT, after it is inside the cell, to cell membrane-
impermeable fluorescent products.

Second, the finding that large SMI-32(1) neurons do not
express the enzymes ChAT or AChE is consistent with their
presumed cortical origin and a noncholinergic identity. Interest-
ingly, many of these neurons had small patches of AChE reaction
product on their somata. This pattern of staining is entirely
distinct from the extensive somatic and neuritic labeling shown by
the BFCNs and is suggestive of a pyramidal identity, because
many pyramidal neurons in neocortical layers III and V express
AChE and are strongly SMI-32-immunoreactive (Mesulam and
Geula, 1991). Further support for a pyramidal identity comes
from studies demonstrating that large SMI-32(1) neurons are
GABA-negative.

Conditions under which large SMI-32(1) neurons
are present
As large SMI-32(1) neurons are only found in cocultures, ex-
pression of the distinctive morphological features of these neu-
rons seems to be mediated via interactions between BF and
cortical cells. In addition, the observation that destruction of most
BFCNs in BF cultures by 192 IgG–saporin exposure before the
addition of cortical cells results in markedly decreased numbers of

Figure 8. Large SMI-32(1) neurons are found only in coculture regions of tandem cultures. Photomicrographs show low and high magnification of
representative SMI-32(1) neurons in the pure cortical (A, B) and the coculture (C, D) regions of a tandem culture. Note the large SMI-32(1) neuron
(long arrows) in the coculture region and the small SMI-32(1) neurons (short arrows) in both pure and coculture regions of the tandem culture; no large
SMI-32(1) neurons were present in the pure cortical regions of the cultures. Scale bars: A, C, 200 mm; B, D, 50 mm.
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large SMI-32(1) neurons suggests that the growth- and/or
survival-stimulating factors depend specifically on the presence of
BFCNs. The further observation that large SMI-32(1) neurons
were only present in the coculture regions of tandem cultures
indicates that close proximity between BFCNs (or their axonal
processes) and cortical cells may be necessary for any growth- or
survival-stimulating signals to be transmitted. Thus, the effects
could be mediated by direct interactions between BFCNs and
SMI-32(1) neurons, as through synaptically transmitted signals,
or by actions of cell surface proteins. Alternatively, soluble fac-
tors that are effective only over short distances could be pro-
duced. Although the suggestion that BFCNs may influence SMI-
32(1) central neurons directly is an attractive one, at present we
cannot eliminate the possibility that BFCNs affect an intermedi-

ate population of cells, which in turn affect the SMI-32(1)
neurons.

The morphological parameters of large SMI-32(1) neurons
increased with increasing age of the cortical neurons, suggesting
that the cortically derived large SMI-32(1) neurons become
more responsive to BF-dependent factors with increasing matu-
ration. The age in vitro at which cortical neurons appear to
become responsive to the BF cells is ;5–10 d in culture. This
maturational level corresponds both to the time of appearance of
SMI-32-immunoreactivity in cortical pyramidal neurons (see Fig.
4) and to the time at which cortical neurons are becoming differ-
entiated and innervated by BFCNs in vivo (Dinopoulos et al.,
1989; Gould et al., 1991; Calarco and Robertson, 1995; De Carlos
et al., 1995).

Maintenance of morphological features of large
SMI-32(1) neurons by BFCNs
Results from experiments using the cholinergic immunotoxin 192
IgG–saporin to eliminate BFCNs support the hypothesis that the
presence of large SMI-32(1) neurons in cocultures requires the
ongoing presence of BFCNs. Several studies have demonstrated
the effectiveness and specificity with which 192 IgG–saporin kills

Figure 9. Loss of ChAT(1) and large SMI-32(1) neurons in cultures
treated with 192 IgG–saporin. A, Fourteen-day-old pure BF cultures were
treated with 192 IgG–saporin (35–40 ng/ml) for 1–5 d, followed by ChAT
staining and evaluation of cell loss (by comparison with untreated sister
cultures). Note the marked ChAT(1) neuronal cell loss after 3 or more
days of exposure to 192 IgG–saporin; n 5 12 cultures per condition from
three experiments. B, Tandem cultures were treated with the 192 IgG–
saporin on day 12 and again on day 16, followed by SMI-32 staining on
day 22. Cell loss was evaluated in relation to untreated sister cultures.
Note the loss of most large SMI-32(1) neurons (present in the coculture
or BF–Cor regions of the tandem cultures), the minimal loss of small
SMI-32(1) neurons in pure cortical regions, and the partial loss of small
SMI-32(1) neurons in the coculture regions; n 5 9 cultures per condition,
compiled from three experiments. An asterisk indicates significant differ-
ences from BF–Cor cocultures, and a number sign indicates significant
differences from small SMI-32(1) neurons; p , 0.001 for all significant
differences (ANOVA with Bonferroni test).

Figure 10. The immunotoxin 192 IgG–saporin induces degeneration of
large SMI-32(1) neurons. Tandem cultures were treated with the 192
IgG–saporin on day 12 and again on day 16, followed by SMI-32 staining
on day 22. A healthy large SMI-32(1) neuron is seen in the coculture
region of an untreated tandem culture (A), whereas in an immunotoxin-
treated sister culture ( B), fragmented SMI-32(1) neuronal processes are
seen along with a faintly labeled and probably degenerating cell body
(arrow). Scale bar, 100 mm.
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the BFCNs in vivo (Wiley et al., 1991; Book et al., 1992, 1995;
Heckers et al., 1994; Roßner et al., 1995). In cultures, the 192
IgG–saporin appears to have similar specificity; that is, treating
cocultures with this immunotoxin resulted in near complete loss
of the BFCNs, whereas the background cells did not appear to be
affected. However, this treatment resulted in a significant reduc-
tion in the number of large SMI-32(1) neurons in the coculture
regions of tandem cultures. If we accept for the moment that the
primary effect of 192 IgG–saporin is on BFCNs (discussed in the
next paragraph), the decrease in numbers of large SMI-32(1)
neurons could reflect a secondary effect, either from a loss of
growth stimulation or from degeneration or atrophy of large
SMI-32(1) neurons that were already present after removal of
BFCNs. Evidence of fragmented axons and damaged somata of
large SMI-32(1) neurons suggests that the latter mechanism
plays a role. These findings are compatible with in vivo studies
showing various altered cortical phenotypes (Arendash et al.,
1987; Hohmann et al., 1991; Wellman and Sengelaub, 1991, 1995)

and specific structural abnormalities of developing pyramidal
neurons (Robertson et al., 1998) after lesioning of the BFCNs.

The conclusion that the decrease in number of large SMI-
32(1) neurons is secondary to 192 IgG–saporin-induced loss of
BFCNs requires the demonstration that the toxic effects of the
192 IgG–saporin are highly selective. Although present results
cannot completely eliminate possible direct toxic effects of 192
IgG–saporin on large SMI-32(1) neurons, three lines of experi-
mental data support this contention. First, specificity of the 192
IgG–saporin for BFCNs is dependent on the presence of the p75
low-affinity neurotrophin receptor, possibly in combination with
the high affinity neurotrophin tyrosine kinase receptors, which
are necessary for binding and internalization of the 192 IgG–
saporin (Chandler et al., 1984; Taniuchi and Johnson, 1985; Wiley
et al., 1991; Gargano et al., 1997). Thus, the observation that all
of the ChAT(1) neurons in culture were found to be p75(1),
whereas the large SMI-32(1) neurons were nearly all p75-
negative, would favor the selective ability of BFCNs to bind

Figure 11. Large SMI-32(1) neurons do not express the p75 receptor. Photomicrographs show 18-d-old BF–Cor cocultures double stained for p75 and
SMI-32 (A–C) or ChAT (D–F). Note that the large SMI-32(1) neurons (A, B; under fluorescence) lack p75 immunoreactivity (B, C). The short arrow
in B indicates a p75(1) neuron in proximity to the large SMI-32(1) cell (long arrow). In contrast, the ChAT(1) neuron (D, E) is strongly p75(1) ( F).
Scale bar, 100 mm.
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directly and take up the 192 IgG–saporin. Second, labeling of all
of the ChAT(1) cells, but none of the large SMI-32(1) neurons,
with the 192 IgG–Cy3 provides more direct evidence that BF-
CNs, rather than large SMI-32(1) neurons, readily take up 192
IgG conjugates. The significance of the 192 IgG–Cy3 labeling of
some astrocytes is uncertain, because in vivo studies have dem-
onstrated mild or no astroglial reaction to 192 IgG–saporin treat-
ment (Book et al., 1995; Roßner et al., 1995). Finally, the lack of
degeneration of small SMI-32(1) neurons in the pure cortical
regions of tandem cultures after 192 IgG–saporin treatment pro-
vides evidence against nonspecific toxic effects on the overall
SMI-32(1) neuronal population. The loss of some small SMI-
32(1) neurons only in coculture regions of treated tandem cul-
tures could indicate the presence at the time of staining of some
neurons that have been affected by the presence of the BFCNs,
although not manifesting the distinctive morphological features
of typical large SMI-32(1) neurons.

Conclusions
The present data suggest that BFCNs induce powerful survival-
and/or growth-enhancing effects on a distinct subpopulation of
cortical neurons. Furthermore, selective destruction of BFCNs
seems to result in a secondary loss or atrophy of these cortical
neurons. These observations are consistent with several in vivo
studies demonstrating morphological alterations in certain corti-
cal neurons after BF lesions. Although the demonstration of these
effects in a highly simplified dissociated culture system lends
support to the idea that the stimulatory signals are provided to
cortical neurons directly by BFCNs, present results do not elim-
inate indirect effects. Possible direct mediators might include the
neurotransmitter acetylcholine, other anterogradely transported
trophic molecules (Corfas et al., 1995), or membrane-bound
molecules. Possible indirect mediators could include other neu-
rons or cortical glial cells. Present results, taken together with our
previous study demonstrating survival- and growth-enhancing
effects of cortical neurons on BFCNs (Ha et al., 1996a), suggest
the existence of reciprocal interactions between BFCNs and
certain cortical neurons that can be modeled in a simplified
culture system. Because these effects appear to be maximal at
culture ages corresponding to the period during which BFCNs
grow into and innervate cortex, they may well be relevant to the
development of BFCN–cortical projections in vivo. In addition,
the present culture system may prove useful for studies relevant to
Alzheimer’s disease or other conditions in which there is degen-
eration of both BFCNs and SMI-32-immunoreactive cortical
pyramidal neurons (Davies and Maloney, 1976; Whitehouse et al.,
1982; Morrison et al., 1987; Hof et al., 1990; Cullen et al., 1997).
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