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Traditionally, the primary function of oligodendrocytes (OLGs) in the CNS has been considered to be myelination. Here, we investigated
whether OLGs may play a trophic role, particularly during development. Neurotrophin expression was assessed in postnatal day 7 basal
forebrain (BF) OLGs, using in situ hybridization and detection of myelin basic protein. Nerve growth factor, brain-derived neurotrophic
factor (BDNF) and neurotrophin-3 (NT-3) mRNAs were revealed in OLGs in vivo and in culture. To determine whether OLGs support
nearby neurons, we examined the influence of OLGs on BF cholinergic neurons. Neuronal function was enhanced by cocultured OLGs and
OLG conditioned medium. Moreover, trophic effects of OLG conditioned medium were partially blocked by K252a, a trk tyrosine kinase
inhibitor, and by neutralizing anti-BDNF or anti-NT-3 antisera, indicating that neurotrophins may mediate these effects, perhaps in
concert with other signals. Our studies support a novel role for OLGs in providing local trophic support for neurons in the CNS.
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Introduction
Although oligodendrocytes (OLGs) traditionally have been de-
fined as myelin providers and maintainers (Szuchet, 1995) in the
CNS, a variety of recent reports suggest that these cells play addi-
tional roles. For example, OLGs in culture express a variety of
trophic molecules (Raabe et al., 1997; Strelau and Unsicker, 1999;
Wilkins et al., 2001). However, direct evidence in general that
OLGs express these molecules in vivo and use these molecules to
support nearby neurons has been lacking (but see Nakamura et
al., 1999).

To address this issue, we examined the expression of neuro-
trophins in basal forebrain (BF) OLGs in vivo and in culture, and
have examined the trophic influences of BF OLGs on local cho-
linergic neurons. These BF cholinergic neurons are known to be
highly responsive to the following neurotrophins: nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), and
neurotrophin-3 (NT-3). In particular, NGF enhances the func-
tion of embryonic cholinergic neurons by increasing activity of
the acetylcholine-synthesizing enzyme choline acetyltransferase
(ChAT) (Gnahn et al., 1983; Martinez et al., 1985; Mobley et al.,
1986; Knusel et al., 1990), elevating acetylcholine in postnatal day
1 (P1) septal neurons (Takei et al., 1988), and supporting survival
of adult cholinergic cells (Hefti, 1986), particularly after a lesion.
BDNF and NT-3 have been shown to increase the number of the
acetylcholinesterase (AChE)-positive cholinergic neurons in cul-
ture (Alderson et al., 1990; Friedman et al., 1993). In addition, the

p75 and trk tyrosine kinase neurotrophin receptors have been
found to be present on cholinergic neurons.

We used this system to address the following three questions:
(1) Do BF OLGs express neurotrophins in vivo and in culture? (2)
What biological influence do OLGs have on neurotrophin-
responsive neurons in the BF? (3) Are neurotrophins involved in
OLG–neuron trophic interactions? Our study has found that
NGF, BDNF, and NT-3 are produced by OLGs in vivo and in
culture and demonstrates trophic effects of these molecules on
nearby neurons. Together, our results support a trophic interac-
tion between OLGs and nearby neurons in the CNS.

Preliminary findings of this work have been published previ-
ously in abstract form (Dai et al., 1997, 1998).

Materials and Methods
Experimental animals. Sprague Dawley rats were obtained from Hilltop
Laboratories (Scottdale, PA) and housed in clear plastic cages. Food and
water were available ad libitum. The day of birth was considered to be P0.
The animals were managed by the UMDNJ–Robert Wood Johnson An-
imal Facility, which is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care. Animal maintenance, trans-
portation, and housing were in compliance with the Laboratory Animal
Welfare Act (PL-89-544; PL-91-579). Moreover, our use of animals is in
compliance with National Institutes of Health (NIH) guidelines (NIH
manual, chapter 4206).

Oligodendrocyte-enriched cultures. To prepare OLG cultures, we used a
modification (O’Malley et al., 1991) of the method of McCarthy and
DeVellis (1980). Rat BFs were dissected from P1 time-mated Sprague
Dawley rats and cultured in nutrient medium-15 (NM-15) medium con-
taining Minimum Essential Medium with Earle’s salts and L-glutamine,
heat-inactivated fetal calf serum (15%), glucose (6 mg/ml), and penicil-
lin–streptomycin (0.5 U/ml and 0.5 �g/ml, respectively) (Invitrogen,
Rockville, MD) for 7–10 d. To eliminate microglia, glial cultures were
shaken at 425 rpm for 10 min, and the supernatant was discarded. After
recovery in NM-15, the oligodendrocyte type-2-astrocyte progenitor
cells and OLGs were separated from underlying astrocytes by shaking at
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250 rpm for 12–16 hr. To further remove microglia, the supernatant was
plated onto uncoated 100 mm plastic dishes for 1 hr at room tempera-
ture. OLG lineage cells were plated onto 35 mm poly-D-lysine-precoated
dishes for immunocytochemical study or onto aminoalkysilane-
precoated slides (Sigma, St. Louis, MO) for the in situ hybridization study
in NM-15 medium at a density of 3 � 10 4 cells/cm 2. After 24 hr in OLG
medium (OM), NM-15 medium was aspirated and replaced with chem-
ically defined medium consisting of a 1:1 mixture of Ham’s F12 and Basal
Medium Eagle containing 6 mg/ml glucose and 6.6 mM glutamine (In-
vitrogen) and 25 �g/ml insulin, 20 nM progesterone, 60 �M putrescine,
30 nM selenium, 100 �g/ml transferrin, 0.5 �M thyroxin, 0.08 �g/ml
triiodothyronine, 6.6 mM glutamine, and penicillin–streptomycin (0.5
U/ml and 0.5 �g/ml, respectively) (Sigma). Cultures were maintained for
96 hr in OM, after which �90% of the cells in culture were OLG lineage
cells, either A2B5-positive or myelin basic protein (MBP)-positive im-
munocytochemically. The remaining cells were OX-42-positive or ED-
1-positive microglia or glial fibrillary acidic protein-positive (GFAP)
type 1 astrocytes.

In some cases, we further enriched the OLG cultures. Two approaches
were taken. First, after the shaking procedure, cells were plated on plastic
dishes for 3 hr to remove microglia and then treated with the microglial
toxin L-leucine methyl ester (10 mM, 1 hr; Sigma) (Guillemin et al., 1997)
and/or the astrocyte toxin D-�-amino adipic acid (600 �M; Sigma)
(O’Malley et al., 1994). Optimal concentrations were determined exper-
imentally. In the case of L-leucine methyl ester, cultures were then trans-
ferred to NM-15 and grown in the absence of toxin. In the case of
�-amino adipic acid, cultures were exposed to drug for the entire culture
period.

In a second approach, cells were immunopanned according to previ-
ous methods (Plant et al., 2002). In brief, cells were plated on 100 mm
Petri dishes that had been sequentially treated with biotinylated anti-
mouse IgG (1:100, 12 hr, 4°C; Vector Laboratories, Burlingame, CA),
A2B5 antibody with 5% BSA (12 hr, 4°C), and 5% BSA (4 hr, room
temperature; Sigma). Cells were incubated in these dishes for 30 min at
37°C. After three culture washes in NM-15, bound cells were scraped,
centrifuged (at 500 rpm for 5 min), resuspended in NM-15, and plated.

Dissociated neuronal cultures. For neuronal culture studies, dissociated
embryonic day 17 (E17) rat basal forebrains were plated on 35 mm poly-
D-lysine-coated plastic plates at 1 � 10 5 cells/cm 2. Neurons were cul-
tured in either OM (control group) or 50% OLG conditioned medium
(CM)/50% OM (treatment group) for 2–7 d and then subjected to assay.

OLG–neuron coculture. To assess the influence of OLGs on neurons,
OLG–neuron cocultures were established. The newly enriched P1 OLGs
and their progenitors were added to the neuronal cultures immediately
after neurons were plated. Cocultures were maintained for 5–7 d before
additional assay.

OLG conditioned medium. To obtain OLG CM, enriched OLGs were
grown in OM for 96 hr.

Nonradioactive in situ hybridization. For in vivo studies, coronal sec-
tions were obtained from P7 rats and mounted on aminoalkysilane-
precoated slides. Neurotrophin mRNAs were detected using
digoxigenin-labeled riboprobes (Sciavolino et al., 1997; Yang et al.,
1998). Sense and antisense riboprobes were derived from an NGF plas-
mid (kindly provided by Dr. Scott Whittemore, University of Miami
School of Medicine, Miami, FL), a BDNF plasmid (kindly provided by
Dr. Dale Schaar, UMDNJ–Robert Wood Johnson Medical School), and
an NT-3 plasmid (kindly provided by Dr. Wilma J. Friedman, Rutgers
University, Newark, NJ). These probes were labeled by digoxigenin-11-
UTP using a riboprobe in vitro transcription system (Promega, Madison,
WI). To label OLGs after nonradioactive in situ hybridization in vivo, the
DAB procedure was performed as described below for visualization of
MBP. To label OLGs in culture after nonradioactive in situ hybridization,
samples were visualized for MBP using immunofluorescence techniques.
To estimate numbers of MBP-positive cells that expressed NGF, BDNF,
or NT-3 mRNAs, three coronal sections from the BF were evaluated for
each neurotrophin. Within each section, MBP-positive cells that ex-
pressed a particular neurotrophin were counted and compared with the
total numbers of MBP-positive OLGs.

Immunostaining. Cell-specific markers were used to characterize

OLG-enriched cultures. These included polyclonal antisera against MBP
(kindly provided by Dr. David Colman, Montreal Neurological Institute,
Montreal, Quebec, Canada) (1:1000), monoclonal antibody A2B5 (1:
1000) derived from mouse lymphocyte hybridoma cells (American Type
Culture Collection, Manassas, VA), polyclonal antisera against GFAP
(1:2000; Dako, Carpinteria, CA), and monoclonal antibodies against
OX-42 (1:1000; Serotec, Raleigh, NC) and against ED-1 (1:500; Serotec).
Controls consisted of processing the tissues in the absence of primary
antisera or antibodies. Optimal dilutions of these antisera or antibodies
were determined experimentally. Neurotrophins were detected with
polyclonal antisera to BDNF (1:500), NT-3 (1:1000), or NT-4 (1:1000),
developed and kindly provided by David Kaplan (The Hospital for Sick
Children, Toronto, Ontario, Canada). The specificity of these antisera
has been confirmed in previous work (Friedman et al., 1998; Dreyfus et
al., 1999). As negative controls, BDNF, NT-3, and NT-4 antisera were
preadsorbed with appropriate purified BDNF, NT-3, and NT-4 (l �g/ml;
PeproTech, Rocky Hill, NJ); in some cases, preimmune rabbit serum was
used. Samples were either exposed to primary antisera and then incu-
bated in biotinylated anti-rabbit antiserum (1:500, 60 min; Vector Lab-
oratories) or exposed to monoclonal antibodies and incubated in biotin-
ylated anti-mouse antiserum followed by detection using the ABC
technique (Vector Laboratories). No staining was observed with pread-
sorbed antibodies or control serum, consistent with previous observa-
tions (Friedman et al., 1998; Dreyfus et al., 1999). For immunofluores-
cence staining after exposure to MBP primary antiserum, cultures were
incubated with FITC-conjugated goat anti-rabbit serum (Vector Labo-
ratories) and were examined with a Leitz Aristoplan fluorescence micro-
scope equipped with filter cube L3 for FITC fluorescence (450 – 490 nm
excitation filter). For cell counts, 3– 6% of the dish was counted.

ChAT activity. ChAT was measured by a modification of the Fonnun
procedure (Fonnun, 1975).

Histochemical staining for acetylcholinesterase. Plates were stained for
acetylcholinesterase-positive neurons by the method of Geneser-Jensen
and Blackstad (1971), as modified (Hefti et al., 1985). All positively
stained cells across the diameter of each culture dish were counted to
define the number of AChE-positive cells in the dish. The area examined
represented 3% of the total area per dish.

Colabeling for acetylcholinesterase and bromodeoxyuridine. When DNA
synthesis was assessed in cholinergic neurons, cultures were exposed to
CM or serum-free medium (SFM) for 2, 4, or 7 d and treated with
bromodeoxyuridine (BrdU) for the last 4 hr of each of these treatment
periods. In one group of cultures, dishes were treated with BrdU from
days 1 to 4 and then fixed. Cultures were stained first for AChE, as above,
and then for BrdU using the methods of DiCicco-Bloom et al. (1993).
Cultures were exposed to anti-BrdU (BD, San Diego, CA) and visualized
with DAB (Sigma). The area examined represented 6% of the total area of
the dish.

Colabeling for AChE and terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling. When cell death was assessed
in cholinergic neurons, cultures were exposed to CM or SFM for 2, 4, or
7 d. They were first stained for AChE and then for terminal deoxynucleo-
tidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL),
a marker of cell death, according to the manufacturer’s instructions
(Roche Applied Science, Indianapolis, IN). Approximately 10% of the
dish was counted.

Neutralizing antisera for neurotrophins. Both anti-BDNF and anti-
NT-3 neutralizing antibodies (Promega) were raised against full-length
human recombinant BDNF and NT-3, respectively. Anti-NGF antibody
(Sigma) was raised to the 2.5 S form of NGF. These antibodies have been
reported to neutralize neurotrophin action in other systems (Mazzoni
and Kenigsberg, 1997; Toma and Kaplan, 1997; Meier et al., 1999). The
anti-NT-3 does not cross-react with other members of neurotrophin
family using dot blot or Western blot analysis (Promega and our unpub-
lished observation). Anti-BDNF is reported to have cross-reactivity of
�3% with other neurotrophins as revealed by ELISA (Promega) and
does not cross-react with other members of the neurotrophin family as
demonstrated by Western blot analysis (our unpublished observations).
Anti-NGF does not cross-react with other members of the neurotrophin
family using Western blot analysis (our unpublished observation). Fur-
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thermore, these antibodies completely abol-
ished increases in ChAT activity induced by au-
thentic NGF, BDNF, or NT-3 in our cultures.

To neutralize NGF, BDNF, or NT-3, solu-
tions containing authentic neurotrophins or
CM solutions were preadsorbed at 4°C for 2 hr
with appropriate neutralizing antibodies and
then exposed to the cultures. Control groups
received control IgG (R & D Systems, Minne-
apolis, MN) (anti-NGF) or IgY (Promega)
(anti-BDNF or anti-NT-3).

It should be noted that not all batches of CM
were affected equally by antibody treatment.
Lack of blockade was observed in one-seventh
of culture experiments for both anti-BDNF
and anti NT-3, suggesting that levels of BDNF
and NT-3 may vary between CM batches. Al-
ternatively, because not all oligodendrocytes
express BDNF or NT-3, the contribution of in-
dividual neurotrophins or of other trophic
molecules to the effects of CM may correlate with
the dominant oligodendrocyte subtype in our
cultures.

Results
Expression of NGF, BDNF, and NT-3
mRNA in vivo
To determine whether BF OLGs express
neurotrophins, we used a nonradioactive in
situ hybridization method combined with
immunocytochemical detection of the OLG
marker MBP. In coronal forebrain sections
from P7 rats, MBP was colocalized with
NGF (Fig. 1A), BDNF (Fig. 1B), or NT-3
(Fig. 1C) mRNAs. MBP-positive cells were
either large, morphologically complex cells
(25– 40 �m diameter) or small cells (10 –15
�m) with few processes (Fig. 1). NGF,
BDNF, and NT-3 mRNAs were observed in
both cell types. Specific expression of
mRNA for each neurotrophin was detected
primarily in cell bodies; no signal was ob-
served when sense riboprobes were used (data
not shown). Interestingly, in no case was an
individual neurotrophin expressed in all
MBP-positive OLGs. In representative sec-
tions, 50% of the MBP-positive cells were positive for NGF mRNA,
39% of the MBP-positive cells were positive for BDNF mRNA, and
64% of the MBP-positive cells were positive for NT-3 mRNA, sug-
gesting that subgroups of OLGs express individual neurotrophins in
vivo.

To determine whether OLGs in other forebrain regions also
express neurotrophins, corpus callosum and frontal, cingulate,
and parietal cortical regions were examined. Interestingly, NGF,
BDNF, and NT-3 mRNAs were observed in MBP-positive OLGs
from all of these areas (Fig. 2). The relatively wide distribution of
neurotrophin-expressing OLGs in the forebrain suggests that
provision of neurotrophins may be a function of OLGs through-
out the developing forebrain.

Expression of neurotrophins in OLGs in culture
To explore trophic effects of BF OLGs on nearby neurons, en-
riched OLG cultures were established from P1 BF. NGF, BDNF,
and NT-3 mRNAs, revealed by in situ hybridization (Fig.
3B,F,H), were detected in MBP-positive cells identified by im-

munocytochemical staining (Fig. 3A,G). As was the case in vivo,
in no instance was an individual neurotrophin detected in all
multipolar OLGs (arrowheads).

To determine whether the mRNA in OLGs was translated into
neurotrophin protein, immunocytochemical methods were
used. Immunocytochemical staining for BDNF, NT-3, or NT-4
revealed that neurotrophins were present in multipolar OLG-like
cells in enriched OLG cultures (Fig. 4A–C). The specificity of the
staining was confirmed by using preimmune serum (Fig. 4D) and
by antiserum preadsorbed with excess amounts of BDNF, NT-3,
or NT-4 (data not shown).

Interestingly, we observed that neurotrophin protein immuno-
reactivity was present in virtually every OLG-like cell in culture, in
contrast to the more heterogeneous mRNA expression pattern. One
possible explanation for this finding is that neurotrophin-expressing
OLGs release neurotrophins into the medium, and other OLGs that
do not express neurotrophins themselves may take up neurotro-
phins in culture. In other studies, we found that BF OLGs express the
common neurotrophin receptor p75, as well as trkA, trkB, and trkC

Figure 1. Expression of neurotrophins by MBP-positive OLGs in the P7 BF. Nonradioactive in situ hybridization reveals that NGF,
BDNF, and NT-3 mRNA are coexpressed with MBP in vivo. Coronal sections were prepared from P7 rats and examined by in situ
hybridization in combination with an immunocytochemical staining technique. A subset of MBP-positive cells, visualized by brown
DAB precipitation, is colocalized with NGF ( A), BDNF ( B), or NT-3 ( C) mRNA, visualized by purple precipitation. Scale bar, 50 �m.
Arrows indicate small cells. Arrowheads indicate large cells.

Figure 2. Expression of neurotrophins by MBP-positive OLGs in other forebrain structures. In the corpus callosum, MBP posi-
tivity, visualized by brown DAB precipitation, is colocalized with NGF ( A), BDNF ( B), or NT-3 ( C) mRNA, visualized by purple
precipitation. In the frontal cortex, some MBP-positive cells also express NGF ( D), BDNF ( E), and NT-3 ( F) mRNA. Such labeling was
also observed in parietal and cingulate cortex. Scale bar, 50 �m. Arrows indicate small cells. Arrowheads indicate large cells.
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receptors (Du et al., 2000), supporting this possibility. Alternatively,
there may be different detection sensitivities for the in situ and im-
munocytochemical assays.

Trophic effects of OLGs on BF cholinergic neurons
in coculture
The expression of neurotrophins in BF OLGs suggests that OLGs
may provide trophic support to nearby neurons. To assess this

potential trophic function, we cocultured
OLGs with BF neurons. E17 BFs were dis-
sociated and plated in chemically defined
medium. Previous studies have indicated
that this method results in �95% neuro-
nal cultures (Yokoyama et al., 1994). Neu-
rons were cultured with or without en-
riched P1 OLGs for 5 d. Coculture of
OLGs with BF neurons elicited a fourfold
increase in ChAT activity compared with
neurons grown alone (Fig. 5A), whereas
OLGs cultured by themselves as a control
did not express ChAT activity. This result
indicates that OLGs express molecules
that can provide trophic influences to BF
cholinergic neurons.

Trophic effects of OLG CM on BF
neurons in culture
To determine whether diffusible factors
such as neurotrophins might mediate the
trophic influence of OLGs, we examined
the effects of OLG CM on BF cholinergic
neurons. BF neurons were cultured in the
presence or absence of OLG CM, and
ChAT activity was measured (Fig. 5B).
CM treatment approximately tripled
ChAT activity compared with the control,
suggesting that molecules released by the
OLGs directly affect cholinergic neurons
in culture.

To determine whether the CM may af-
fect other aspects of cholinergic neuron

function, effects on the number of AChE-positive cells were in-
vestigated (Fig. 5C). CM treatment elicited a fourfold increase in
the number of AChE-positive cells. Because AChE is expressed by
basal forebrain cholinergic neurons (Eckenstein and Soforniew,
1983), these data suggest that CM increases the number of cho-
linergic neurons in culture.

To define the mechanisms underlying the increase in cholinergic
neuron number in the CM-treated cultures, we examined effects of
CM on BrdU incorporation, an index of DNA synthesis, or on
TUNEL staining, an index of cell death. When cultures were exposed
to CM or OM for 2, 4, or 7 d, no AChE-positive cells were found to
be BrdU-positive, although other cells in the dish did exhibit BrdU
positivity. The data suggest that cholinergic neurons do not divide in
these cultures, and CM does not affect this observation (data not
shown). However, when TUNEL-positive, AChE-positive cholin-
ergic neurons were evaluated, there was a marked decrease in the
proportion of cholinergic neurons that exhibited TUNEL in the CM
group, suggesting that CM decreases cell death (Fig. 5D). This was
true whether cultures were evaluated on day 2, 4, or 7.

Trophic effects of BF OLGs are partially mediated
by neurotrophins
To determine whether the effects of CM are mediated through
neurotrophins, we took two approaches. First, we examined the
effects of K252a (Knusel and Hefti, 1992) on the activity of CM.
In this experiment, neuronal cultures were exposed to CM plus
DMSO vehicle or CM plus K252a (100 nM) for 5 d, and were
compared with cultures grown in normal OLG medium (con-
trol). We found that K252a partially inhibited the effect of CM on
ChAT activity (Fig. 6A) but did not affect control levels of ChAT.

Figure 3. Expression of neurotrophin mRNAs by MBP-positive cells in culture. MBP-positive cells, visualized by FITC-conjugated
horse anti-rabbit antibody (A, E, G) express mRNAs for NGF ( F), BDNF ( H ), or NT-3 ( B), revealed by digoxigenin-11-UTP-labeled
riboprobes and visualized as purple precipitation (arrows). Not all MBP-positive cells are positive for neurotrophin (arrowheads).
The sense probes for the neurotrophins served as negative controls ( D). Similar patterns were observed in other controls (data not
shown). Scale bar, 50 �m.

Figure 4. Expression of neurotrophin protein in OLG-like cells. P1 OLG-enriched cultures
were immunocytochemically stained by primary antisera against BDNF ( A), NT-3 ( B), or NT-4
( C). BDNF, NT-3, and NT-4 immunoreactivity is detected on most of the oligodendrocyte-like
cells. In negative controls, preimmune serum ( D) or antibodies preadsorbed with appropriate
neurotrophins reveal no staining. Scale bar, 50 �m.
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Second, we used neutralizing antibodies against individual
neurotrophins. We used neutralizing antibodies that have been
reported to specifically block the actions of BDNF, NGF, or NT-3
in other systems (Mazzoni and Kenigsberg, 1997; Toma and
Kaplan, 1997; Meier et al., 1999), without cross-reactivity against
other neurotrophins (see Materials and Methods). To determine
whether BDNF is a component of the activity of CM, cultures
were maintained for 6 d in CM or CM preadsorbed with neutral-
izing antiserum developed against full-length BDNF. To confirm
that anti-BDNF neutralizes the effects of BDNF, in the same ex-
periment, BDNF and BDNF preadsorbed with anti-BDNF were
included (Fig. 6B). Anti-BDNF (10 �g/ml) completely blocked
the effects of authentic BDNF (10 ng/ml) on ChAT activity in
cultures. (This concentration of anti-BDNF was shown in our
other studies to block BDNF at 50 ng/ml.) When the identical
concentration of anti-BDNF was applied to CM, we found that
the antiserum partially blocked the effects of CM. Similar find-
ings were obtained using anti-NT-3 (10 �g/ml) (Fig. 6C). In
contrast to anti-BDNF and anti-NT-3, neutralizing anti-NGF an-
tiserum (0.1 �g/ml) failed to block the effects of CM on ChAT
activity in any experiment (Fig. 6D). These data indicate that
BDNF and NT-3 derived from OLGs provide trophic support to
cholinergic neurons.

To test whether anti-BDNF and anti-NT-3 might be additive
or synergistic in their effects, we evaluated their combined actions
in blockade of CM activity (Fig. 6E). Anti-BDNF added with
anti-NT-3 blocked the effects of CM to the same degree as when
the factors were added individually. The data support our results
with K252a and suggest that OLG-derived factors other than
NT-3 and BDNF contribute trophic molecules to cholinergic
neurons.

The role of non-OLG lineage cells in the trophic effect
As noted above, our cultures are enriched for OLGs but are not
pure. Although the numbers of non-OLG cells vary, generally
they make up �10% of the total cell number and consist of mi-
croglia and astrocytes. Is it possible that these cells are responsible
for the trophic influences on neurons observed above? The liter-
ature suggests that microglia and astrocytes may play a trophic
role. For example, it has been reported that astrocytes (Lindholm
al., 1992; Rudge et al., 1992) and microglia (Elkabes et al., 1996)
express neurotrophins, which would enhance survival in the BF,
and that substantia nigra astrocyte conditioned medium sup-
ports survival of substantia nigra neurons (O’Malley et al., 1992).
However, conditioned medium from microglia has not been
found to provide trophic influences on BF neurons unless these
cells are activated (Jonakait et al., 1996).

Figure 5. Trophic effects of OLGs on BF cholinergic neurons. A, Coculturing OLGs with E17 BF
neurons for 5 d increases the activity (Act) of ChAT in culture. B, C, BF OLG CM exposure for 5 d
increases both ChAT activity ( B) and the number of AChE-positive cells ( C). CM exposure for 7 d
decreases the percentage of AChE-positive cells that are TUNEL positive ( D). One of three ( A–C)
or two ( D) independent experiments that yielded similar results are shown. Sample sizes for
experiments: n � 15 ( A); n � 10 ( B–D) (5 dishes per group). Neur, Neuron; Cont, control.
*Significantly different from control at p � 0.05. Data were analyzed by Student’s t test ( B–D)
or ANOVA and the Scheffe’s test ( A). **Significantly different from control at p � 0.01.

Figure 6. Contribution of neurotrophins to the effects of CM on ChAT activity. A, K252a
partially blocks the effects of CM on ChAT activity. One of two independent experiments that
yielded similar results are shown. Sample size was �20 (5 dishes per group). *Significantly
different from control plus DMSO at p � 0.05. **Significantly different from CM plus DMSO at
p � 0.05. Data were analyzed by ANOVA and the Scheffe’s test. B, C, Concentrations of anti-
BDNF (�-BDNF; B) or anti-NT-3 (�-NT-3; C) that completely block the effects of the appropriate
neurotrophin partially block the effects of CM on ChAT activity. Combined data from four inde-
pendent experiments are shown. D, Concentrations of anti-NGF (�-NGF) that completely block
the actions of NGF fail to block the effects of CM. Combined data from three independent
experiments are shown. E, When added together, concentrations of anti-BDNF and anti-NT-3
that block the effects of CM individually have no additional effect on blockade of CM activity.
Combined data from three independent experiments are shown. For each neurotrophin tested,
sample sizes were as follows: 89 ( B), 93 ( C), 72 ( D), and 59 ( E); three or four dishes per group
per experiment. *Significantly different from control at p � 0.05. **Significantly different from
neurotrophin-treated cultures. ***Significantly different from CM (B, C) at p � 0.05. Data were
analyzed by ANOVA and Scheffe’s test. Con, Control.
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Therefore, we tested the potential action of the CM derived
from contaminating microglia and astrocytes in supporting BF
neurons. Initially, we plated astrocytes or microglia in 35 mm
dishes at numbers present in the enriched oligodendrocyte cul-
tures (10,000 cells/dish). After 4 d, we collected CM, which was
tested for trophic effects on neurons. There were none. Neither
astrocyte CM nor microglial CM affected the numbers of AChE-
positive cells found in the cultures after 7 d (Fig. 7).

To support this apparent lack of an effect on CM, we used
pharmacological ablation and immunopanning approaches to
deplete astrocytes and microglia. Cultures were treated with the
microglial toxin leucine methyl ester (10 mM, 1 hr) and/or the
astrocyte toxin �-amino adipic acid (600 �M, 5 d). To monitor
the success of the ablation, non-OLG lineage cells were assessed
by monitoring ED-1 or OX-42-positive/A2B5-negative microglia

or GFAP-positive/A2B5-negative astrocytes. (A2B5 is a marker
for oligodendrocyte progenitors. These microglia and astrocytes
also did not exhibit myelin basic protein.) When cultures were
treated with both toxins, an �40% decrease in microglia and an
�80% decrease in astrocytes were effected. Moreover, trophic
effects of the depleted cultures were not reduced compared with
controls (Fig. 7). This was true both when contaminating popu-
lations were deleted (Fig. 7) and when they were deleted individ-
ually (data not shown). To confirm these results, oligodendrocyte
progenitors were enriched by immunopanning for A2B5. This
procedure resulted in a 50% decrease in microglia and astrocytes
(Fig. 7). Again, significant decreases in microglia and astrocytes
did not affect CM activity.

We cannot rule out the possibility that neurotrophins associ-
ated with microglia and astrocytes may contribute to the effects of
CM. However, these data, along with our observations that OLGs
express neurotrophin mRNA and protein, suggest that neither
the microglial nor the astrocyte population plays a dominant role
in the trophic actions of the enriched oligodendrocytes.

In sum, our data suggest that BF OLGs express neurotrophins
and may provide trophic support to nearby BF neurons. BDNF
and NT-3, at least in part, mediate the trophic functions of BF
OLGs. In addition, other trophic molecules produced by OLGs
maybe also be involved.

Discussion
Using the BF as a model, our data demonstrate that BF OLGs express
neurotrophins in vivo and in culture. We show that OLGs can exert
trophic influences on BF cholinergic neurons by coculturing OLGs
with BF neurons or by treating BF neurons with OLG CM. In par-
ticular, BDNF and NT-3 can mediate the effects of CM on ChAT
activity. Our observations suggest an unconventional role of oligo-
dendrocytes as trophin providers for nearby neurons.

Expression of neurotrophins as a characteristic of OLGs
A variety of glial cells express neurotrophins (Rudge et al., 1992;
Zafra et al., 1992). In vivo, astrocytes have been reported to ex-
press such trophic molecules, particularly after lesions (Arendt et
al., 1995). In addition, microglia in vivo and in culture express
neurotrophins (Elkabes et al., 1996). Moreover, these glial cells
release molecules that affect nearby neurons. For example, in the
CNS, cortical (Jonakait et al., 1996) and BF (Mazzoni and Ken-
igsberg, 1997) microglial CM enhances differentiation of cholin-
ergic neurons of the BF. Astrocyte CM of the substantia nigra
supports survival of local dopaminergic neurons (O’Malley et al.,
1992), whereas astrocytes and OLGs of the superior colliculus
produce factors that enhance synaptic activity in retinal ganglion
cells (Pfrieger and Barres, 1997). In addition, cortical astrocyte
CM supports cortical neuron growth (Le and Esquenazi, 2002).
Roles played by neurotrophins in these processes have not been
identified. However, it has been noted that NGF, released by
depolarizing agents from cortical and hippocampal astrocytes
into the medium, increases ChAT activity and numbers of cho-
linergic neurons in the BF (Abiru et al., 1998) and that BF astro-
cyte CM also supports survival of cholinergic neurons (our un-
published observation).

Our current work complements and extends these studies,
suggesting that OLGs may cooperate with other glial cells to sup-
port neurons through the actions of neurotrophins. Previous ob-
servations have found that spinal cord oligodendrocytes demon-
strate BDNF protein in vivo (Dougherty et al., 2000). Other
studies have found that cultured oligodendrocytes from the cor-
tex and hypothalamus express NGF mRNA and protein (Gonza-

Figure 7. Lack of trophic support by astrocytes and microglia. A, B, Numbers of AChE-
positive cells are unaffected by astrocyte (Astro) CM ( A) or microglia (Micro) CM ( B) compared
with control serum-free medium. Data represent one of two independent experiments that
yielded similar results. Sample size is four ( A) or three ( B) dishes per group per experiment. C–E,
Combined treatment with two toxins, �-amino adipic acid and leucine methyl ester, signifi-
cantly reduces numbers of GFAP-positive/A2B5-negative astrocytes ( C) and ED-1 microglia ( D).
However, the effects of CM from toxin-treated cultures (CM Toxin) are not different from effects
of CM derived from untreated oligodendrocytes (CM) ( E). Data represent one of two experi-
ments that yielded similar results. F–H, Immunopanning with A2B5 antibody (A2B5 Bound)
significantly reduces GFAP-positive/A2B5-negative astrocytes ( F) and ED-1-positive A2B5-
negative microglia ( G) compared with untreated cells (Control). However, CM effects from the
depleted cultures (CM A2B5 Bound) are not different from CM derived from untreated oligo-
dendrocytes (CM). Data represent one of three experiments that yielded similar results. Sample
size was four ( C–E) or three ( F–H) dishes per group per experiment. *Significantly different
from control at p � 0.05; data were analyzed by Student’s t test. **Significantly different from
control at p � 0.05; data were analyzed by ANOVA and Fisher’s test. Under control conditions,
astrocytes made up 2% of total cells, and microglia made up 7% ( C–H).
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lez et al., 1990; Byravan et al., 1994), and that cultured
oligodendrocyte-like cells from the BF express BDNF mRNA and
NT-3 mRNA (Dai et al., 2001). We now indicate that NGF,
BDNF, and NT-3 mRNAs are expressed not only in OLGs in
culture but also in vivo, and this may be a common characteristic
of forebrain OLGs. In particular, we show that OLGs in the BF, as
well as in the corpus callosum and the frontal and parietal corti-
ces, express NGF, BDNF, and NT-3 mRNAs at P7 in vivo. Thus,
forebrain OLGs may serve as a source of neurotrophins for
neurotrophin-responsive local neurons or neurons innervating
these areas.

Morphologically, oligodendrocytes have been recognized as
diverse populations that exhibit distinct distribution patterns
(Szuchet, 1995). Our studies suggest that these cells may also be
functionally distinct with respect to neurotrophin expression.
For example, in situ hybridization examination of the cells in vivo
or in culture reveals that no neurotrophin mRNA is expressed in
every OLG. Our data suggest that individual oligodendrocytes of
the postnatal brain express different neurotrophins and may be
distinct from one another. It remains to be determined whether
this distinction is maintained throughout life or is confined to the
developmental period.

Trophic roles of OLGs
To directly examine the trophic influences of BF OLGs on nearby
neurons, we used OLG–neuron cocultures and OLG CM. The
results from these experiments suggest that OLGs support the
survival and function of cholinergic neurons, and that this effect
is mediated, at least in part, by neurotrophins. In particular,
K252a, a tyrosine kinase inhibitor that blocks the signaling cas-
cades for trk neurotrophin receptors also partially inhibits the
effect of CM on cholinergic neurons. Moreover, neutralizing an-
tibodies for anti-BDNF and anti-NT-3, but not anti-NGF, par-
tially block the effect of CM on cholinergic neurons.

Microglia and astrocytes, although capable of expressing
neurotrophins, do not play the major role in the CM effect
The oligodendrocyte cultures have contaminating microglia and
astrocytes making up �9% of the total cell numbers. The litera-
ture suggests that these cells may contribute to the action of CM.
However, when microglia or astrocytes are plated at numbers
present in the enriched oligodendrocyte cultures, they do not
express trophic activity. Moreover, when numbers of microglia
and astrocytes in OLG cultures are reduced significantly, the tro-
phic effects of the oligodendrocyte cultures are unchanged. These
data, along with our observations that oligodendrocytes express
both neurotrophin mRNA and protein, suggest that OLGs are the
major source of trophic actions.

Other molecules may also play a role
Importantly, it is worth noting that neurotrophins are not the
only trophic molecules that mediate trophic support to nearby
cholinergic neurons. As indicated particularly by our experi-
ments using K252a and the experiments that evaluated effects of
anti-BDNF together with anti-NT-3, OLG-derived molecules
other than neurotrophins may also affect cholinergic neurons.
Increasing literature suggests possible candidate trophic mole-
cules. For example, fibroblast growth factor-9 has been reported
to be expressed by oligodendrocytes in vivo (Nakamura et al.,
1999). Glial cell line-derived neurotrophic factor (GDNF) family
members, including GDNF, neurturin, and persepherin, have
been detected in OLG cell lines and in primary cells (Strelau and
Unsicker, 1999). Insulin-like growth factor-1 (IGF-1) mRNA has

been observed in oligodendrocyte progenitors after a short time
in culture (Shinar and McMorris, 1995). Neuregulin has been
found to be expressed in human white matter and in neonatal
oligodendrocytes in culture (Raabe et al., 1997; Cannella et al.,
1999). This expression of a broad array of trophic molecules sup-
ports the premise that OLGs perform a trophic function in the
CNS.

Several additional lines of evidence support our contention
that OLGs may play a trophic role and affect the development,
survival, and function of neurons. For example, at neonatal
stages, unilateral depletion of OLGs in the optic nerve by x-ray
exposure significantly reduces the initial increases in axon size
that occur during the first 2 weeks of life (Colello et al., 1994). The
influence of OLGs on neuronal survival and axonal maintenance
is also indicated by axonal swellings and degeneration observed
in major proteolipid protein-defective mice (Griffiths et al.,
1998). In addition, it has been shown that optic nerve OLGs
support long-term survival of retinal ganglion cells by synthesis
of as yet unidentified molecules (Meyer-Franke et al., 1995).
IGF-1 has been reported recently to be present in cortical OLG
CM and to affect survival of neighboring cortical neurons
(Wilkins et al., 2001). Such an effect of OLGs is also suggested by
the pathological phenotype of multiple sclerosis (MS), because
axonal damage has been revealed by magnetic resonance imaging
and immunocytochemistry to be associated with demyelination
in MS patients (Ferguson et al., 1997; Trapp et al., 1998).

In summary, we have shown that OLGs can play a trophic
function in addition to myelination. This novel role may be im-
portant in supporting neurons of the CNS.
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