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Treatment with NGF causes long-term cultures of oligodendro-
cytes to die via a yet undefined mechanism mediated by the p75
neurotrophin receptor. The p75 receptor belongs to the TNF re-
ceptor superfamily of molecules, which includes Fas and p55 TNF
receptors. The Fas and TNF receptors use adaptor molecules to
recruit and activate caspase-8 to the receptor. Using a combina-
tion of immunohistochemical and Western blotting assays, we
have examined caspase activity during NGF-induced apoptosis.
Interestingly, although caspase-1 [interleukin-1b-converting en-
zyme (ICE)], caspase-2, caspase-3, and caspase-8 were ex-
pressed in oligodendrocytes, only caspase-1, -2, and -3 were

activated after NGF treatment, whereas caspase-8 was not. These
data suggest that the mechanism of apoptosis by NGF through
the p75 receptor is different from TNF and Fas-mediated killing. g
Radiation of oligodendrocytes also activated a similar subset of
caspases as NGF, indicating that NGF-induced oligodendrocyte
apoptosis uses a similar cell death execution mechanism as injury
models. This consolidates a potential role of the p75 neurotrophin
receptor during stress and inflammatory conditions.
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In addition to myelinating multiple axons in the CNS, oligoden-
drocytes possess a number of critical properties, such as the
ability to provide trophic support and regulate regeneration after
nerve injury. As such, the number of oligodendrocyte cells gen-
erated during development must be under careful regulation.
Considerable oligodendrocyte cell death occurs during develop-
ment (Barres et al., 1992) and also after traumatic conditions,
when oligodendroglial cells become more sensitive to cytokines
that are released at the site of injury. The sensitivity of oligoden-
drocytes is illustrated by the effects of TNF-a, which can cause
cytotoxicity at concentrations that do not affect other cell types,
such as astrocytes or neuronal populations (Selmaj and Raine,
1988). Apoptosis induced by increased ceramide levels also indi-
cated that oligodendrocytes are much more susceptible to cell
death induced by specific stimuli than astrocytes and neuronal
cells (Casaccia-Bonnefil et al., 1996a).

We have reported that NGF can induce apoptosis of termi-
nally differentiated oligodendrocytes after long-term culture
(Casaccia-Bonnefil et al., 1996b). Several examples of p75-
mediated cell death now exist (Rabizadeh et al., 1993; Barrett
and Bartlett, 1994; Frade et al., 1996; Bamji et al., 1998), however,
the cellular and molecular basis for this activity is not understood.
The cytoplasmic portion of the p75 receptor contains a death
domain sequence that resembles the Fas and TNF receptor death
domain (Liepinsh et al., 1997). The death domain has been shown
to contribute to apoptotic signaling by TNF and the Fas ligand
(Nagata, 1997). Oligomerization of the receptors via these do-

mains provides anchorage for adaptor molecules to activate the
cell death execution machinery.

Programmed cell death requires activation of cysteine protease
enzymes that possess the ability to cleave after an aspartyl residue
(Ellis et al., 1991; Alnemri et al., 1996). This family of proteases,
which now number 14 caspases (cysteine aspartyl proteases),
shares similarities to ced-3, an essential cell death gene in Cae-
norhabditis elegans. The caspases have been divided into two main
groups, initiator enzymes (caspase-1, -2, -8, and -9) and effector
caspases, such as caspase-3. Whereas caspase-9 is required during
brain development (Hakem et al., 1998; Kuida et al., 1998), other
enzymes, such as caspase-1, are involved during inflammatory
conditions.

Caspases are all expressed as proenzymes that contain three
domains, the N-terminal domain, the large subunit of ;20 kDa
(p20), and a small subunit of ;10 kDa (p10). After activation, the
proenzyme is cleaved at the consensus sites into p20 and p10
subunits and forms a catalytic tetramer (Thornberry and Lazeb-
nik, 1998).

In the present study, we address the identity of the cell death
execution machinery during p75-mediated apoptosis. Despite
much current interest in this topic (Carter and Lewin, 1997;
Dechant and Barde, 1997; Barker, 1998; Bredesen et al., 1998;
Casaccia-Bonnefil et al., 1998; Frade and Barde, 1998), the cell
death mechanisms initiated by the p75 neurotrophin receptor
have not been well defined. Here, we report that cultured oligo-
dendrocytes express several caspase family members, including
caspase-1 [interleukin-1b-converting enzyme (ICE)], caspase-2
(Nedd-2), caspase-3 (CPP32/Yama), and caspase-8. Caspase-8
activation by Fas ligand or TNF has been linked by recruitment of
the adaptor molecule FADD (FAS-associated death domain) to
the receptor complex (Nagata, 1997). Interestingly, p75 receptor,
a member of the same TNF superfamily, does not activate
caspase-8, suggesting that a different set of caspases is involved in
the execution of oligodendrocyte cell death induced by the p75
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NGF receptor. In contrast, caspase-1 is strongly activated by NGF
and other injury stimuli, further supporting the association of
specific caspases with inflammatory conditions.

MATERIALS AND METHODS
Cell culture. Mixed glial cultures were prepared from neonatal Sprague
Dawley rat cortex. After plating on poly-D-lysine-coated 75 cm 2 flasks,
cultures were grown at 37°C in a humidified incubator with 5% CO2 for
7 d, replacing the medium every 3 d. Macrophages and loosely attached
cells were then removed from the astrocyte monolayer by shaking cul-
tures at 425 rpm for 10 min (McCarthy and de Vellis, 1980). After two
washes in PBS, cells were fed and placed in the incubator for at least 3 hr.
Oligodendrocytic precursors were separated from the astrocyte mono-
layer by shaking overnight at 250 rpm on a rotary shaker. Oligodendro-
cyte cultures were typically grown for 24 hr in NM15 media (MEM
containing 15% FCS, 6 mg/ml glucose, 10 U/ml penicillin, and 10 mg/ml
streptomycin) after preplating and then switched to oligodendrocyte
differentiation media as described previously (Casaccia-Bonnefil et al.,
1996b; Yoon et al., 1998) to serum-free medium consisting of BME:
Ham’s F-12 (1:1 v/v) supplemented with 6 mg/ml D-glucose, 100 U/ml
penicillin, 100 mg/ml streptomycin, 100 mg/ml transferrin, 25 mg/ml
insulin, 20 nM progesterone, 60 mM putrescine, 30 nM selenium, 6.6 mM
glutamine, and 0.5 mM thyroxine.

For cell death assays, oligodendrocyte cultures were grown for 7 d and
treated with NGF at 100 ng/ml. For the treatment with caspase inhibi-
tors, cells were pretreated with the appropriate dilutions of the drugs or
DMSO for 30 min before NGF exposure. Acetyl-tyrosyl-valyl-analyl-
aspart-1-aldehyde (YVAD-CHO) and acetyl-aspartyl-glutamyl-valyl-
aspart-1-aldehyde (DEVD-CHO) were prepared in DMSO according to
the manufacturer’s instructions (Peptides International, Louisville, KY).

For irradiation, cultures were treated with 3200 rads (100 rads/min for
32 min) and then harvested for cell lysates either 3 or 6 hr later.

Antibody staining for differentiated oligodendrocytes. The O1 mouse
monoclonal antibody (a generous gift from Drs. Steven Pfeiffer and
Rashmi Bansal at University of Connecticut Health Center, Farmington,
CT) was used to identify oligodendrocytes. Cells were gently washed
three times with PBS and incubated alive with O1 antibody at 1:100
dilution in antibody buffer (3% BSA and 3% fetal calf serum in HBSS
buffer) for 30 min at room temperature. For double staining, cells were
then fixed and processed for either terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL) or
CM1 staining as described below. Finally, cells were incubated with O1
secondary antibody and Texas red conjugated goat anti-mouse IgM
antibody (Jackson ImmunoResearch, West Grove, PA) at 1:100 dilution
in PBS for 30 min at room temperature.

TUNEL assay. In situ detection of apoptotic cells was performed by
using a TUNEL method. After incubation with O1 antibody, cells were
fixed with 4% paraformaldyhyde for 30 min at room temperature and
permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate for 2 min
on ice. After several rinses, samples were processed for TUNEL using
the in situ cell death detection assay following the manufacturer’s in-
structions (Boehringer Mannheim, Indianapolis, IN). Double-stained
cells were visualized by fluorescence microscopy. Apoptotic cells were
determined by counting the percentage of TUNEL-positive (TUNEL1)
cells among O1-positive (O11) cells in three fields across the coverslip.
At least 400 cells were counted for each condition.

Caspase-3 staining. The polyclonal CM1 antibody specific for the p18
subunit of cleaved caspase-3 was made against a p18 C-terminal peptide
of human CPP32 and was affinity purified (Srinivasan et al., 1998b).
After fixation with 4% paraformaldehyde, the cells were incubated with
blocking buffer (10% normal goat serum and 0.4% Triton X-100 in 13
PBS) for 1–2 hr at room temperature. Primary antibody CM1 was used
at 1:1000 dilution in antibody incubation buffer (2% normal goat serum
and 0.4% Triton X-100 in 13 PBS) for 1–2 hr at room temperature. Cells
were then gently washed three to four times with 13 PBS–0.1% Tween
20, followed by incubation with biotinylated secondary antibody for 1 hr
at room temperature (Vector Laboratories, Burlingame, CA) at a 1:500
dilution in antibody incubation buffer. Cells were visualized using
Fluorescein-conjugated Avidin DCS (Vector Laboratories) at 1:250 for
30 min. Double immunoreactivity was analyzed by confocal microscopy
using a Leica (Nussloch, Germany) TCS confocal microscope.

Immunoblotting. Cells were lysed in radio-immuno-protein assay buffer
(150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris,
pH 8.0, 2 mg/ml aprotinin, 1 mg/ml leupeptin, and 25 mg/ml phenylmeth-

ylsulfonyl fluoride) for 15 min at 4°C and centrifuged at 14,000 rpm for
15 min at 4°C, and the supernatant was collected as the whole-cell lysate.
Protein concentration was estimated by the Bio-Rad Protein Assay using
BSA as the standard. Cell lysates (50 mg) were run on 12 or 15%
SDS-PAGE gels and transferred to Immobilon-P membrane (Millipore,
Bedford, MA). After blocking nonspecific membrane binding with 13
Tris-buffered saline–Tween 20 (TBST) containing 5% milk for 1 hr,
membranes were incubated for 1 hr in primary antibody [anti-caspase-3
polyclonal antibody (CSP-3); IDUN Pharmaceuticals, La Jolla, CA] at
1:1000 dilution, anti-caspase 8 polyclonal antibody (CSP-8; Idun Phar-
maceuticals) at 1:1000 dilution, anti-ICE/p10(M-20) (Santa Cruz Bio-
technology, Santa Cruz, CA) at 1:500 dilution, anti-Nedd-2/p12(C-20)
(Santa Cruz Biotechnologies) at 1:500 dilution, or anti-actin monoclonal
antibody (Sigma, St. Louis, MO) at 1:5000 dilution. The blots were
washed three times with TBST buffer and then incubated with horserad-
ish peroxidase-conjugated anti-rabbit (1:5000 dilution) or anti-mouse
(1:10000 dilution) secondary antibody (Boehringer Mannheim). Immu-
noreactive bands were visualized by chemiluminescence using Supersig-
nal (Pierce, Rockford, IL) and exposed to x-ray film. The gels were
scanned and quantitated by Image Quant V1.1 (Molecular Dynamics,
Sunnyvale, CA). The levels of caspases and actin were quantitated by
the Image Quant program, and the relative amount of caspases in each
lane was obtained after normalization with the b-actin values in the
same lane.

RESULTS
NGF-induced apoptotic death can be prevented by
caspase inhibitors
Site-specific tetrapeptide protease inhibitors have been developed
to block caspase proteolytic activity (Nicholson, 1996). These
inhibitors were designed based on the optimal recognition se-
quence of a given caspase substrate. For caspase-1 (ICE), YVAD
is the preferred substrate, whereas DEVD is preferred for
caspase-3 or CPP32 (Enari et al., 1996). Caspase-3 is involved in
neuronal death during brain development (Kuida et al., 1996) and
in apoptosis induced by withdrawal of trophic support, K1 de-
privation, and glutamate excitotocity in neuronal cultures (Milli-
gan et al., 1995; Schulz et al., 1996; Eldadah et al., 1997; Hara et
al., 1997; Namura et al., 1998). To address caspase involvement in
NGF-induced cell death through its p75 receptor in cultured
oligodendrocytes, we tested whether caspase-3-like and caspase-
1-like inhibitors, DEVD-CHO and YVAD-CHO, would prevent
the apoptotic response.

We have reported previously NGF-dependent cell death in
cortical oligodendrocytes isolated from postnatal rat brain
(Casaccia-Bonnefil et al., 1996b). To characterize this process,
confocal microscopy was used to follow apoptosis. Oligodendro-
cytes were identified using the monoclonal antibody O1 directed
against the glycolipid galactocerebroside, a major component of
the myelin bilayer (Mirsky et al., 1980; Stoffel and Bosio, 1997).
As shown in Figure 1A, O1 immunoreactivity can be seen not
only in the cell body and processes but also in the myelin sheets
that are extended by fully differentiated oligodendrocytes (Bansal
et al., 1989).

After NGF treatment for 4 hr, nuclear TUNEL-positive stain-
ing and disintegration of cellular processes in an O1-positive cell
could be observed (Fig. 1B). Pretreatment with the caspase in-
hibitors DEVD-CHO and YVAD-CHO prevented both nuclear
DNA fragmentation, as evidenced by the lack of TUNEL stain-
ing, and disintegration of cellular processes (Fig. 1). Quantitation
of TUNEL1 O11 cells revealed 45% oligodendrocyte cell death
in NGF-treated cultures after 4 hr, which was reduced to back-
ground levels (10% or less) if cells were pretreated with either
DVED-CHO or YVAD-CHO (Fig. 2). Control cultures receiv-
ing DEVD-CHO or YVAD-CHO alone did not show any alter-
ations in cellular viability (Figs. 1, 2). Caspase inhibitors there-
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fore prevent NGF-induced oligodendrocyte apoptosis, suggesting
p75 signaling involves downstream activation of caspases.

Selective activation of caspases
One measure of caspase activation is proteolytic cleavage of the
precursor form, or procaspase, into specific smaller size products
(Nicholson, 1996). For this reason, cell lysates from oligodendro-
cyte cultures treated with NGF were processed for Western blot

analysis using specific polyclonal antibodies that recognize the
proform and cleavage products of the individual caspases, such as
ICE, Nedd2, CPP32 (caspases 1–3), and Flice/Mach (caspase-8).
All four of the proenzymes were expressed in primary cortical
oligodendrocytes under the described culture conditions. How-
ever, only specific caspase members were proteolytically pro-
cessed after NGF treatment.

Interestingly, caspase-8, which has been shown to be required
for TNF and Fas receptor apoptotic signaling, was not activated
in NGF-treated oligodendrocytes (Fig. 3A). This was demon-
strated by immunoblot analysis of oligodendrocytes undergoing
cell death by NGF using a caspase-8-specific antibody generated
against the recombinant caspase-8 (Srinivasan et al., 1998a). To
test the ability of caspase-8 to be cleaved in mature oligodendro-
cytes, a different apoptotic stimulus, staurosporine, was used as a
control. Staurosporine is a protein kinase inhibitor and acts as a
strong death inducer on many mammalian cell types, including
oligodendrocytes (Jacobson et al., 1997). After staurosporine
treatment, caspase-8 was cleaved into a p20 final cleavage product
and several intermediate forms (Fig. 4), indicating that sequential
caspase-8 processing can occur in oligodendrocytes. The absence
of caspase-8 cleavage products in NGF-treated oligodendrocyte
cultures indicates that caspase-8, or Flice/Mach, is not involved in
NGF-induced oligodendrocyte death, and therefore p75 signaling
differs from Fas or TNF receptor action.

Caspase-1 or ICE was the first identified member of mamma-
lian caspases (Yuan et al., 1993). Analysis of caspase-1-deficient
mice suggested that ICE was not involved in apoptosis during
normal development (Li et al., 1995) but represents an important
component of the machinery that induces apoptosis during in-
flammatory conditions (Fantuzzi and Dinarello, 1996; Li et al.,

Figure 1. NGF-induced apoptosis of mature oligodendrocytes is blocked
by the caspase inhibitors YVAD-CHO and DEVD-CHO. Confocal mi-
croscopy of untreated ( A) or NGF-treated ( B) oligodendrocyte cultures
immunostained with antibodies against the specific oligodendrocyte
marker O1 (red) and TUNEL ( green) are shown. Immunofluorescence
microscopy of cultures treated with 100 mM DMSO (C), YVAD-CHO
(E), or DEVD-CHO (G) in the absence of NGF (C, E, G ) or the
presence of 100 ng/ml NGF for 4 hr (D, F, H ). The arrows in D indicate
TUNEL-positive nuclei in NGF–DMSO-treated cultures. Scale bar: A, B,
10 mm; C–H, 25 mm.

Figure 2. Quantification of apoptotic oligodendrocytes in the presence
of the caspase inhibitors. Bar graphs indicate O1–TUNEL double-
positive-stained cells in each treatment expressed as percentage of total
O1-positive cells. Cells were counted in at least three separate fields
across the large diameter of each coverslip. The results represent the
mean 6 SEM of the cells from nine separate determinations. Asterisks
indicate that the percentage of TUNEL-positive oligodendrocytes in the
NGF treatment is statistically significant when compared with the remain-
ing treatments; two-tailed t test; p , 0.01.

Gu et al. • NGF Activates Caspases J. Neurosci., April 15, 1999, 19(8):3043–3049 3045



1997). More recently, caspase-1 has been shown to be activated
after ischemia (Hara et al., 1997). NGF treatment of differenti-
ated oligodendrocytes resulted in processing of the 45 kDa pro-
form to its intermediate forms and final active product p10 (Fig.
4, lanes 1, 2). The antibody against the p10 subunit was made to
a peptide sequence at the C terminus of caspase-1 (amino acids
382–401) and was shown to be specific for caspase-1 (Bhat et al.,
1996; Shimizu et al., 1996). The faint cleavage products in the
control lane are consistent with the background level of death
observed in 7 d in vitro cultures. NGF significantly increased the
processed products of caspase-1 eightfold over untreated cultures.
This result indicates that caspase-1 is preferentially activated
during NGF-induced oligodendrocyte apoptosis.

Caspase-2 (Nedd-2) is another upstream initiator of proteolytic
cascades (Thornberry and Lazebnik, 1998) that can be activated
after trophic factor deprivation of PC12 cells (Troy et al., 1997)
and dexamethasone-induced thymocytes apoptosis (Hakem et al.,
1998). Also in this case, using a specific Nedd-2 affinity-purified
antibody (Srinivasan et al., 1996) against the C-terminal region of
mouse caspase-2 (amino acids 432–451), both the proform and
the p14 form (Fig. 4) were detected. NGF treatment resulted in

3.5-fold increase of the p14 cleavage product. Equal amount of
protein loading was confirmed by anti-actin immunoblotting (Fig.
4). Also in this case, the basal level of p14 observed in the control
cultures reflected the normal background level of death observed
in 7 d in vitro cultures.

Caspase-3 is a critical downstream effector of the cell death
process, and its activation has been detected in many apoptotic
events (Thornberry and Lazebnik, 1998). It is synthesized as a 32
kDa proform, which is cleaved during activation into a large form
of 18 kDa based on the apoptotic signal and a smaller 12 kDa
subunit (Namura et al., 1998). Using an antibody generated
against the fully processed caspase-3 protein, which has been
shown to be specific for both proform and cleavage products
(Srinivasan et al., 1998b), we detected the 32 kDa proform in both
NGF-treated and untreated cultures. However, NGF treatment
resulted in a sixfold increase of the p18 product (Fig. 4), as
evaluated by densitometric analysis (Image Quant program). The
basal level of the p18 protein reflected the normal background
level of death observed in 7 d in vitro cultures. Western blotting
with anti-actin antibody was used as a control for equal amount of
protein loading. These results indicated that caspase-2 and
caspase-3 are also activated during NGF-induced oligodendro-
cyte death.

In situ detection of the active form of caspase-3
To provide more detailed information about cellular localization
of the activated form of the caspase in the oligodendrocyte
primary culture, we used immunocytochemical analysis of NGF-
treated cultures using a newly characterized CM1 antibody rec-
ognizing only the active product of the p18 subunit of caspase-3.
The CM1 was generated against the C-terminal propeptide of
CPP32 and was affinity purified. The antibody selectively recog-
nizes the p18 kDa cleavage product, not the inactive proform of
caspase-3, and was used previously to detect activated caspase-3
in a variety of model systems (Kuida et al., 1996; Cecconi et al.,
1998; Namura et al., 1998; Srinivasan et al., 1998b) Double
immunofluorescence was used to detect the presence of the p18
subunit of caspase-3 in oligodendrocytes labeled with the marker
O1. Localization of the p18 subunit of CPP32 was observed in
NGF-treated oligodendrocytes but not untreated cultures (Fig.
5). After 4 and 8 hr of NGF treatment, the p18 subunit of
caspase-3 was detected in the oligodendrocyte cell body (Fig.
5B,C). Previous experiments with the CM1 antibody indicated
that the enzyme could be localized in the cytoplasm and nucleus
(Kuida et al., 1998; Namura et al., 1998). This result further
consolidates the role of caspase-3 activation in the oligodendro-
cyte cell death after NGF treatment.

Radiation damage
To determine whether the proteolytic cascade activated by NGF
in oligodendroctyes also occurred in other injury conditions, we
evaluated the consequences of g Irradiation of oligodendrocyte
cultures. Oligodendrocyte cells are sensitive to g radiation and
undergo apoptosis in the adult spinal cord (Li et al., 1996). The
activation of procaspase processing in response to ionizing radi-
ation was assessed by Western blot analysis. Twenty-four hours
after radiation, oligodendrocytes undergo cell death as measured
by an increase in the high-density lipoprotein level from 20 to
45%. Three and 6 hr after irradiation, the cleavage products of
caspase-1 and caspase-3 were significantly increased compared
with the untreated samples (Fig. 6, lanes 1–6). A slight increase in
the cleavage product of caspase-2 was also detected (Fig. 6, lanes

Figure 3. Caspase-8 activation in cultured oligodendrocytes after dis-
tinct apoptotic stimuli. Western blot analysis with anti-caspase-8 poly-
clonal antibody of cultures treated with either 100 ng/ml NGF (A) or 1 mM
staurosporine (B). A, Total cell lysates (50 mg) from untreated oligoden-
drocytes cultures (lane 1) or after 4 hr of NGF treatment (lane 2) were
processed for caspase-8 expression and processing. B, Total cell lysates
(30 mg) from untreated oligodendrocyte cultures (lane 3) or cultures
treated for 4 hr with 1 mM staurosporine (lane 4 ) were assessed. The
procaspase and the processed forms are indicated.

Figure 4. Caspase-1, -2, and -3 are processed in NGF-treated cultured
oligodendrocytes. Total cell lysates (50 mg) from either untreated oligo-
dendrocyte cultures (lanes 1, 3, 5) or NGF-treated cultures (lanes 2, 4, 6 )
were loaded on a 15% SDS-PAGE gel, Western blotted with anti-
caspase-1 antibody ICEp10(M-20) (lanes 1, 2), anti-caspase-3 antibody
CSP-3 (lanes 3, 4 ), or anti-caspase-2 antibody Nedd-2p12 (lanes 5, 6 ). The
top panels indicate the procaspase forms indicated as proenzyme. The mid-
dle panels are the processed forms (p10 or p20 subunit) of the caspases,
indicated by the arrows. The bottom panels are internal controls for a-actin
levels.
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7–9). In contrast, cleavage of caspase-8 was not observed after
radiation. These results indicate that caspase-1, -2, and -3, but not
caspase-8, are involved in radiation-induced oligodendrocyte
death. g Radiation therefore preferentially activates the same
subset of caspases in oligodendrocytes as NGF under these cul-
ture conditions.

DISCUSSION
In the present study, we demonstrate that specific caspases are
activated after NGF-induced cell death of mature oligodendro-
cytes in culture. During differentiation of cortical oligodendro-
cytes, p75 expression is upregulated to high levels, and neutral-
izing antibodies against this receptor can block NGF-induced
apoptosis (Casaccia-Bonnefil et al., 1996b). A variety of different
caspase proforms are expressed in mature oligodendrocytes, in-
cluding caspases 1–3, caspase-8, caspase-9, and caspase-11 (our
unpublished observations). Caspase-1 is preferentially activated
during NGF treatment, and caspase-2 and -3 activities are also
elevated. In contrast, caspase-8, although expressed, is not acti-
vated after NGF binding to the p75 receptor. These results also
explain the difference in the degree of protection observed with
different caspase inhibitors. DEVD, the inhibitor of the effector
caspase-3, shows complete inhibition, whereas YVAD, the inhib-
itor of the initiator caspase-1, shows more variability in protection
against cell death. These results imply that besides caspase-1,
there are other initiator caspases, such as caspase-2, that are
involved in the apoptotic event and are not inhibited by YVAD.

Recruitment of caspase-8 or Flice/Mach is required for TNF
and Fas cytotoxicity. Whether caspase-8 is directly recruited to
the TNF receptor in oligodendrocytes is unknown; however,
recruitment of caspase-8 to the death domains of the p55 TNF
receptor and Fas via adaptor proteins, such as FADD and
TRADD (TNF receptor associated death domain), is critical for

the initiation of apoptosis and activation of downstream caspases,
such as caspase-3 (Nagata, 1997). A consensus death domain
exists in the C-terminal region of the p75 neurotrophin receptor;
however, there are slight structural differences between p75 and
Fas cytoplasmic domains (Liepinsh, 1997). Biochemically, the Fas
death domain aggregates, whereas p75 does not self-associate in
the same manner (our unpublished observations). These struc-
tural differences suggest that p75 may use alternative adaptor
proteins, such as TNF receptor-associated factors (TRAFs),
which may recruit signaling molecules involved in promoting cell
death (Arch et al., 1998). A potential interaction of p75 with
TRAF6 has been described recently (Khursigara et al., 1999).

The detection of p75 receptors in oligodendrocytes is observed
under pathological or inflammatory conditions. We have detected
p75 mRNA and protein in oligodendrocytes and in microglia and
macrophages from multiple sclerosis plaques (Dowling et al.,
1997). The enhanced expression of this receptor on oligodendro-
glial cells during inflammation could be responsible for greater
sensitivity of these cells to apoptotic stimuli released at the site of
injury. Of the caspase family members, only caspase-1 has been
shown both in vitro and in vivo to be involved in inflammatory
processes (Fantuzzi and Dinarello, 1996; Li et al., 1997). Our data
are consistent with this hypothesis that p75 signaling may play an
active role in inflammation because NGF treatment of oligoden-
drocytes results in significant activation of caspase-1.

In contrast to rat postnatal oligodendrocytes, adult human
oligodendrocytes do not appear to be susceptible to NGF-
mediated cell death in vitro (Ladiwala et al., 1998), although p75
was found to be expressed. One criteria for cell death is the
activation of the c-jun kinase, which has been consistently ob-
served downstream of NGF-dependent activation of p75
(Casaccia-Bonnefil et al., 1996b; Bamji et al., 1998; Yoon et al.,

Figure 5. In situ immunodetection of
activated caspase-3 (CPP32) in cultured
oligodendrocytes. Confocal microscopy
of oligodendrocyte cultures double-
stained with the mature oligodendrocyte-
specific marker O1 (red) and the CM1
antibody (Srinivasan et al., 1998b), spe-
cific for the p18 subunit of the activated
caspase-3 ( green). The activated form of
caspase-3 was not observed in untreated
culture (A). Activated caspases can be
seen in the cell body of O1-positive cells
after 4 (B) and 8 (C) hr of NGF treat-
ment. Arrows indicate cell bodies. Scale
bar: A–C, 10 mm.

Figure 6. A similar subset of caspases
is activated after radiation damage. Ol-
igodendrocyte cultures grown for 7 d
were subjected to g irradiation at 100
rads for 32 min. Total cell lysates were
prepared from untreated cultures (lanes
1, 4, 7, 10) or irradiated cultures har-
vested either 3 (lanes 2, 5, 8, 11) or 6
(lanes 3, 6, 9, 12) hr after treatment.
Western blot analysis was performed us-
ing anti-caspase-1 antibody ICEp10(M-
20) (lanes 1–3), anti-caspase-3 antibody
CSP-3 (lanes 4–6 ), anti-caspase-2 anti-
body Nedd-2p12 (lanes 7–9), and anti-
caspase-8 polyclonal antibody CSP-8
(lanes 10-12). The procaspases forms, as
well as their processed forms, are
indicated.
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1998). This response was observed in postnatal rat oligodendro-
cytes and not in adult human cells. These different responses
emphasize the plastic nature of oligodendrocytes, which differ in
responsiveness depending on the developmental stage and growth
conditions of the cells. Also, it is clear that p75 expression alone
is not sufficient to trigger the death program (Casaccia-Bonnefil
et al., 1998). Introduction of high levels of p75 into oligodendro-
cyte precursor cells or in stem cells in the subventricular zone
(Yoon et al., 1996) does not lead to an apoptotic outcome.

Nevertheless, growing evidence now supports a cell death func-
tion for p75 during neurotrophin responses. Although p75 levels
have been shown to be necessary for optimal neuronal cell sur-
vival (Davies et al., 1993; Lee et al., 1994), expression of p75 leads
to an increased rate of death in cell lines after serum withdrawal
(Rabizadeh et al., 1993), in embryonic chick retinal cells (Frade
et al., 1996), and in an NGF-dependent manner in cultured
oligodendrocytes (Casaccia-Bonnefil et al., 1996b) and sensory
neurons (Davey and Davies, 1998). Expression of the cytoplasmic
domain of p75 in transgenic mice is sufficient to generate pro-
nounced cell death in many neuronal populations (Majdan et al.,
1997). Apoptosis mediated by NGF binding to p75 appears to
take place in the absence of TrkA receptors, because coexpres-
sion of the appropriate cognate Trk receptor leads to inhibition of
p75 death signaling (Yoon et al., 1998). An increase in the
number of cholinergic neurons in the basal forebrain (Van der
Zee et al., 1996; Yeo et al., 1997) and sympathetic neurons in the
superior cervical ganglion (Bamji et al., 1998) of p752/2 mice
lends support to the hypothesis that neurotrophins possess the
ability to induce a cell death signal, as well as to provide trophic
support.

The finding that p75-mediated cell death and g irradiation both
activate caspase-1 supports the hypothesis that this cysteine pro-
tease is primarily involved in events invoked during injury or
inflammation (Hara et al., 1997). This would also imply that
another important function of p75 is to participate during cyto-
kine responses similar to those found for the other TNF cytokine
receptor members. Further investigation into the regulation of
p75 signaling will provide more insight into the mechanisms
responsible for greater sensitivity to neurotrophins during devel-
opment and after injury.
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