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Recently, a 22 kDa protein termed p75"TR-associated death
executor (NADE) was discovered to be a necessary factor for
p75NTR-mediated apoptosis in certain cells. However, the pos-
sible role for p75NT?/NADE in pathological neuronal death has
yet been undetermined. In the present study, we have examined
this possibility in vivo and in vitro. Exposure of cortical cultures to
zinc induced both p75N™® and NADE in neurons, whereas expo-
sure to NMDA, ionomycin, iron, or H,O, induced neither. In
addition, zinc exposure increased neuronal NGF expression and
its release into the medium. A function-blocking antibody of
p75NTR (REX) inhibited association between p75N™ and NADE
as well as neuronal death induced by zinc. Conversely, NGF
augmented zinc-induced neuronal death. Caspase inhibitors re-
duced zinc-induced neuronal death, indicating that caspases
were involved. Because reduction of NADE expression with cy-

cloheximide or NADE antisense oligonucleotides attenuated
zinc-induced neuronal death, NADE appears to contribute to
p75NTR-induced cortical neuronal death as shown in other cells.
Because zinc neurotoxicity may be a key mechanism of neuronal
death after transient forebrain ischemia, we next examined this
model. After ischemia, p75N™® and NADE were induced in de-
generating rat hippocampal CA1 neurons. There was a close
correlation between zinc accumulation and p75N"?/NADE induc-
tion. Suggesting the role of zinc here, injection of a metal chela-
tor, CaEDTA, into the lateral ventricle completely blocked the
induction of p75N™ and NADE. Our results suggest that co-
induction of p75N™® and NADE plays a role in zinc-triggered
neuronal death in vitro and in vivo.
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Neurotrophins can act at two different kinds of receptors: the
agonist-selective high-affinity receptors called Trks (Trk-A, -B, and
-C) and the agonist-nonselective low-affinity receptor called
p75NTR (Barbacid, 1995). Whereas the signaling cascades through
the Trk receptors are well characterized (Klesse et al., 1999;
Kaplan and Miller, 2000), those through p75™"™® remain relatively
uncharacterized. Elevation of intracellular ceramide levels and
activation of c-jun N-terminal kinase (JNK), NF-kB, and caspases,
have been reported to occur as the result of p75™™® activation
(Casaccia-Bonnefil et al., 1999; Barrett, 2000; Kaplan and Miller,
2000).

Whereas the initial attention was placed on neurotrophic effects
of p75N™®, an increasing body of evidence now indicates that
p75NTR can mediate cell death under certain conditions. For
example, p75™"®-mediated apoptosis has been implicated in cell
death of the developing retina and spinal cord, mature oligoden-
drocytes, and postnatal sympathetic neurons (Rabizadeh et al.,
1993; Frade et al., 1996; Bamji et al., 1998). The role of neurotro-
phins, especially NGF, in the p75N"®-mediated apoptosis appears
variable (Kaplan and Miller, 1997; Casaccia-Bonnefil et al., 1999;
Barrett, 2000). In some cells such as oligodendrocytes, the binding
of NGF to p75™ TR seems to promote cell death (Casaccia-Bonnefil
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et al., 1996; Gu et al., 1999; Soilu-Hanninen et al., 1999). On the
other hand, in PC12 and SK-N-BE neuroblastoma cells, NGF-
unoccupied p75N TR may mediate cell death (Barrett and Geor-
giou, 1996; Lievremont et al., 1999).

p75NTR is structurally analogous to TNF-a receptor and con-
tains the death domain motif in its cytoplasmic tail (Chapman,
1995; Liepinsh et al., 1997). The cytoplasmic domain is considered
to interact with various mediators that transmit signals to other
downstream proteins. Several candidate molecules such as TR AFs,
SC-1, RhoA, and NRIF (Casademunt et al., 1999; Chittka and
Chao, 1999; Khursigara et al., 1999; Yamashita et al., 1999; Ye at
al., 1999) have been proposed as mediators of p75™ T® signaling. Of
those, NRIF and TRAF2 have been reported to function in
p75N"R.mediated apoptotic pathway. However, definite proof
causally linking these to p75™"®-mediated apoptosis in neurons is
not available. Recently, a 22 kDa cytosolic protein termed p75™~ "R-
associated death executor (NADE), was identified as a necessary
death effector that interacts with the death domain of p75™™® in
PCI12 and oligodendrocytes (Mukai et al., 2000). The NADE-
dependent apoptosis pathway seems to require the binding of NGF
to p75NTR,

NGF and p75N™ are known to be induced in neurons after
brain insults such as ischemia or seizures (Lee et al., 1995; Kokaia
et al., 1998; Roux et al., 1999). Howeyver, there is no consensus yet
whether the induction of NGF or p75™N™ plays a harmful or a
beneficial role. Because NADE has been recently identified as a

75NTR associated death effector, we examined the possibility that
p75NTR/NADE system is activated in degenerating neurons after
insults. Here we report that p75™™® and NADE are co-induced in
degenerating neurons after zinc exposure in cortical culture and
transient forebrain ischemia in the rat. Furthermore, in cortical
culture, blockade of p75™™® signaling or downregulation of
NADE attenuates zinc-mediated neuronal death.
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Figure 1. Co-induction of p75N"™® and NADE in cul-
tured cortical neurons after zinc exposure. 4, Western
blots for p75NT™® and NADE (22 kDa). Samples were
prepared from cortical cultures at indicated hour after 15
min exposure to 300 um zinc. Positive control for NADE
was prepared from 293T cells transfected with NADE
H (NADE/293T) (Mukai et al., 2000). B, Left, Bars repre-
sent LDH release (mean + SEM; n = 3) in cortical
cultures, after 24 hr exposure to indicated concentrations

of zinc. Right, Western blots for p75~"™ and NADE (22

kDa) in cortical cultures after 12 hr exposure to indi-
cated concentrations of zinc. Western blots for the neu-
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MATERIALS AND METHODS

Cortical cell cultures, exposure to toxins, and estimation of neuronal death.
Mixed mouse cortical cultures containing both neurons and astrocytes
were prepared from neonatal mice at 15 d of gestation as previously
described (Y. H. Kim et al., 1999). Cultures were used for experiments
between 10 and 13 d in vitro (DIV).

Fifteen minutes of exposure to zinc (as ZnCl,) was done in HBSS
supplemented with 1.8 mm CaCl, and 0.813 mMm MgSO,. After the expo-
sure, Eagle’s minimal essential medium (M EM), supplied glutamine-free
(Life Technologies, Grand Island, NY) was reintroduced, and cultures
were placed back into the CO, incubator. REX antibody (1:400 dilution)
(Weskamp and Reichardt, 1991) or NGF (Life Technologies) was added to
MEM immediately after 15 min zinc exposure. Caspase inhibitors were
added from 4 hr before 15 min zinc exposure until the estimation of
neuronal death.

Continuous exposure to low concentrations of zinc was done in MEM
for the hours indicated. When needed, cultures were pretreated for 12 hr
with caspase inhibitors or cycloheximide before zinc exposure.

Neuronal death was quantitatively estimated by measuring lactate dehy-
drogenase (LDH) released from damaged cells into the bathing medium,
as previously described (Koh and Choi, 1987). All LDH values were scaled
to the mean value in sister cultures exposed for 16 hr to 300 um NMDA,
which resulted in complete yet selective neuronal death, after subtraction
of mean background values in sham wash controls.

Western blot analysis. Cortical cells were lysed in Triton X-100 buffer (50

ronal marker NeuN were used as control. C, Left, Bars
represent LDH release (mean + SEM; n = 4-8), 16 hr
after 15 min exposure to 300 uM zinc (Z) or continuous
16 hr exposure to 30 um NMDA (N), 500 nM ionomycin
(I), 100 um FeCl, (F), or 50 um H,O, (H). All but
H,O, induced near complete neuronal death. Right,
Western blots for p75N"® and NADE 4 hr after 15 min
exposure to zinc or after 4 hr exposure to other toxicants
as above. Whereas zinc (300 uM, Z) induced both,
NMDA, ionomycin, FeCl,, or H,O, induced neither. D,
RT-PCR assays for NADE mRNA in cortical cultures,
sham-washed, or 8 hr after 15 min exposure to 300 um
zinc. RT-PCR assay for GA PDH mRNA is presented as
control.

mmMm Tris-HCI, pH 7.5, 10% glycerol, 1% Triton X-100, 150 mm NaCl, 25
mM NaF, 1 mMm Na;VO,, 1 mm EGTA, 100 um DTT, 2 mM phenylmeth-
ylsulfonyl fluoride, 0.5 ug/ml aprotinin, 0.5 ug/ml leupeptin, and 0.5 ug/ml
pepstatin). Lysates were normalized for protein by modified Lowry
method (Bio-Rad, Hercules, CA). Proteins were separated by SDS-
PAGE, followed by transferring onto polyvinylidene difluoride mem-
brane. Membrane was blocked with 5% nonfat dry milk for 1 hr and
incubated with respective primary antibody for overnight. Enhanced
chemiluminescence (Amersham Life Science, Buckinghamshire, UK)
was used for detection. Anti-human p75NT®R polyclonal antibody was
from Promega (Madison, WI). Anti-mouse NADE polyclonal antibody
was prepared from rabbits by immunizing glutathione S-transferase-
NADE fusion protein (Mukai et al., 2000).

Immnocytochemistry. Cortical cultures and sections were fixed with 4%
paraformaldehyde for 1 hr, permeabilized with 0.2% Triton X-100 in PBS.
After blocking with 5% BSA in PBS, cultures and sections were incubated
overnight with anti-mouse NeuN monoclonal antibody (Chemicon, Te-
mecula, CA), anti-human p75~"™® polyclonal antibody (from rabbit, Pro-
mega; from goat, Santa Cruz Biotechnology, Santa Cruz, CA), or anti-
mouse NADE polyclonal antibody (Mukai et al., 2000). After washing,
cortical cultures were treated for 1 hr with FITC- or rhodamine-
conjugated secondary antibody (Jackson ImmunoResearch, West Grove,
PA), and examined under fluorescence microscope equipped with a digital
camera (Olympus, Tokyo, Japan). Alternatively, after incubation with
biotinylated secondary antibody, cortical cultures and brain sections were



9098 J. Neurosci., December 15, 2000, 20(24):9096-9103

Figure 2. p75N™ and NADE induction in neurons. A-F, Fluorescent
photomicrographs of cortical cultures containing both neurons and astro-
cytes, immunocytochemically stained with anti-p75N"®R antibody (A4), anti-
NADE antibody (D), or anti-NeuN antibody (B,E) 4 hr after 15 min
exposure to 300 uM zinc. p75~ ™ and NADE immunoreactivity was visu-
alized with rhodamine-labeled secondary antibody (red) and NeuN immu-
noreactivity (a specific marker for neurons) with FITC-labeled secondary
antibody ( green). Composite images of 4 and B (C) and D and E (F)
revealed that p75NT™® and NADE were expressed almost exclusively in
neurons ( yellow). Scale bar, 200 um. G, H, Fluorescent photomicrographs
of identical field of cortical culture 4 hr after 15 min exposure to 300 um
zinc, stained with anti-p75N"R antibody ( G) or anti-NADE antibody (H).
Arrows denote same neurons. NADE expression appeared to occur in a
subset of p75N"R-expressing neurons. Scale bars, 200 um.

treated with avidin-horseradish peroxide solution to develop the chromo-
genic signal (Vector Laboratories, Burlingame, CA).

RT-PCR analysis. After total RNA was prepared with Trizol (Life Tech-
nologies) from cortical culture cells, complementary DNA was synthesized
and reverse-transcribed using Oligo(dT),s primers (Promega). With this
cDNA as a template, PCR was performed with primer pairs. The primer
pairs for NADE were 5'-CATTCCCAACAGGCAGATG -3’ and 5'-
GGCATAAGGCAGAATTCATC-3'; and those for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were 5'-CTCAAGATTGTCAGC
AATGC-3" and 5'-AGACAACCTGGTCCTCAGTG-3'. PCR was
performed for 35 (NADE) or 30 (GAPDH ) cycles at 94°C for 1 min, 58°C for
1 min, and 72°C for 1 min.

ELISA for NGF. NGF in the bathing medium was quantified using the
NGF Emax ImmunoAssay system kit (Promega). Flat-bottom 96 well
plates were coated with anti-NGF polyclonal antibody and incubated
overnight with 100 ul of medium. The captured NGF was incubated with
anti-NGF monoclonal antibody overnight. After washing, NGF was de-
tected using secondary antibody conjugated to horseradish peroxidase and
TMB substrate. The color change was measured at 450 nm on a microplate
reader. The concentration of soluble NGF was calculated from the NGF
standard curve.

Co-immnunoprecipitation of p7SNTR with NADE. Cortical neuronal cells
were lysed for immunoprecipitation in NETN buffer (20 mm Tris-HCI, pH
8.0, 100 mm NaCl, 1 mm EDTA, 0.2% NP-40, and 10 pum proteasome
inhibitor I) with protease inhibitors, as described (Mukai et al., 2000). The
supernatants were incubated with anti-NADE polyclonal antibody for 14
hr and 50% Protein A-agarose bead for 2 hr at 4°C. The beads were
resolved on SDS-Polyacrylamide gel and analyzed by Western blot using
anti-human p75™"®R polyclonal antibody.

Antisense oligonucleotides for NADE. The phosphorothioated antisense
oligonucleotides for NADE were targeted against the 3’ untranslated
region of murine NA DE mRNA. The antisense oligonucleotides were tried
in several different experiments, and those found to be effective in reducing
NADE expression were chosen for experiments. Unrelated nonsense oli-
gonucleotides were used as control. The sequences for NADE antisense
oligonucleotides were 5'-CAGCGGGAGTCACAGTATGG-3" (AS #1)
and 5'-GGGCTACAGCGGGAGTCACA-3' (AS #2), and the sequence
for nonsense oligonucleotides (NS) was 5'-TGCTACTCGCGTCTAAC-
ACT-3'. Antisense or nonsense oligonucleotides were introduced into
cortical cells using N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethyl-
ammonium methylsulfate (DOTAP) liposomal transfection reagent
(Roche Products, Germany).

Transient forebrain global ischemia in the rat. All animal experiments
were performed in accordance with the Guide of Ulsan University for
Care and Use of Laboratory Animals. Male Sprague Dawley rats weighing
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Figure 3. Effects of NGF and REX on zinc-induced neuronal death. A4,
Bars denote LDH release in cortical cultures (mean + SEM; n = 4), 18 hr
after 15 min exposure to 300 uM zinc without (Zinc) or with addition of
REX (1:400) (+REX). B, LDH release (n = 4-38) in cortical cultures, 18 hr
after 15 min exposure to 300 uMm zinc in the presence of indicated concen-
trations (nanograms per milliliter) of NGF (left), and after 24 hr exposure
to 25 or 30 uM zinc without (CTRL) or with 100 ng/ml NGF (+NGF)
(right). Asterisks denote difference from zinc (p < 0.05; two-tailed ¢ test
with Bonferroni correction for multiple comparisons).

300-350 gm were used. Global forebrain ischemia was induced as previ-
ously described (Smith et al., 1984; Koh et al., 1996). Core body temper-
atures were continuously monitored and maintained between 36.5 and
37.5°C, during and for 1 hr after ischemia. To examine the effect of zinc
chelation on ischemic damage, 3 ul of saline or 300 mM CaEDTA in saline
was injected stereotaxically into the lateral ventricle under halothane
anesthesia 30 min before the ischemia surgery.

Tissue preparation and zinc fluorescence of brain sections. At 24, 48, and
72 hr after ischemic insult, rats were killed by cervical dislocation, and
brains were moved rapidly to dry ice or liquid nitrogen. Coronal brain
sections were prepared with cryostat (thickness, 10 wm) and put onto the
slide glass coated with poly-L-lysine.

To examine zinc accumulation, brain sections were rinsed in saline and
incubated in N-(6-methoxy-8-quinolyl)-p-carboxybenzoylsulphonamide
(TFL-Zn, 0.1 mM in PBS; Calbiochem, La Jolla, CA) for 90 sec. After
washing with normal saline, TFL-Zn fluorescence was examined under
fluorescence microscope with an ultraviolet filter (excitation 355-375 nm;
dichroic, 380 nm; barrier, 420 nm) (Budde et al., 1997).

Terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick
end-labeling. To identify neuronal cell death in the rat brain, terminal
deoxynucleotidyl transferase-mediated biotinylated dUTP nick end label-
ing (TUNEL) staining was performed with the in situ cell death detection
kit, following the manufacturer’s instruction manual (Boehringer Mann-
heim, Mannheim, Germany). After fixation in 4% paraformaldehyde, the
sections were incubated in 0.3% H,O, and in permeabilization solution
(0.1% Triton X-100 in 0.1% sodium citrate). After TUNEL reaction, the
sections were examined under a fluorescent microscope and photographed.

RESULTS

Induction of p7 and NADE specifically by zinc
When cultured cortical neurons were exposed for 15 min to 300 um

zinc, neurons degenerated over the following day, as previously
reported (E. Y. Kim et al., 1999). Western blot analysis revealed

5 NTR
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Figure 4. Induction of NGF after zinc exposure. Immunocytochemical
staining with anti-NGF antibody of a sham-washed control culture (4) and
a sister culture 8 hr after 15 min exposure to 300 uM zinc (B). After zinc
exposure, NGF levels were increased in the majority of neurons. Scale bar,
200 wm. C, Bars represent NGF concentrations (picograms per milliliter)
attained in the bathing medium (n = 4; mean + SEM) in cortical cultures
8 or 20 hr after sham wash or 15 min exposure to 300 uM zinc. Asterisk
denotes difference from control ( p < 0.01; two-tailed ¢ test with Bonferroni
correction for two comparisons).

that p75~ ™™ was induced in cortical cultures beginning 4 hr after
the 15 min zinc exposure (Fig. 14, top), when signs of neuronal
degeneration were not yet evident. Concurrently, NADE was also
induced in the zinc-exposed cortical cultures (Fig. 14, bottom).
NADE expression decreased 20 hr after the zinc exposure, when
neurons exhibited signs of irreversible neuronal damage.

More prolonged, less intense zinc exposure also increased the
expression of p75™ ™8 and NADE (Fig. 1B). Whereas 12 hr expo-
sure to 10-20 umM zinc induced p75N™®, little induction of NADE
was seen at this concentration. On the other hand, 12 hr exposure

CTRL
Zinc+REX
REX

Zinc

p7SNIR

Figure 5. Co-immunoprecipitation of p75NTR with anti-NADE antibody.
Western blots for p75~N™ were done on immunoprecipitates with anti-
NADE antibody. Proteins were isolated from cortical cultures 8 hr after 15
min zinc exposure. Here, p75N™® co-immumoprecipitated with NADE.
Addition of REX (1:400) inhibited the co-immunoprecipitation.

[
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Figure 6. Caspase inhibitors on zinc neurotoxicity. 4, LDH release (n = 4;
mean + SEM) 16 hr after 15 min zinc exposure done in the absence (Zinc)
or presence of 100 uM zVAD-fmk (+VAD) or zDEV D-fmk (+DEVD). B,
LDH release (n = 3; mean + SEM) after 20 hr exposure to 25 uM zinc in
the absence or presence of 100 um zVAD-fmk (100 um), zDEV D-fmk (100
uM), or 50 um zY VAD-fmk. Asterisks denote difference from respective
zinc exposure alone (p < 0.05; two-tailed ¢ test).

to 25-30 uM zinc induced both p75N TR and NADE. Because 25-30
uM but not 10-20 uM zinc induced neuronal death with 24 hr
exposure (Fig. 1B, bars), there appears to be correlation between
p75NTR/NADE co-induction and neuronal death.

Other than zinc neurotoxicity, several mechanisms are currently
implicated in pathological neuronal death. Major ones include
calcium-overload excitotoxicity and oxidative injury. Hence, we
compared zinc neurotoxicity with NMDA, ionomycin (a calcium
ionophore), FeCl,, and H,O, neurotoxicity. NMDA and ionomy-
cin induce calcium overload toxicity (Choi, 1994; Gwag et al.,
1999), whereas FeCl, and H,O, induce mainly oxidative injury
(Halliwell, 1992). As shown in Figure 1C, 15 min of exposure to
300 pm zinc, or continuous exposure to 30 um NMDA, 500 nm
ionomycin, or 100 um FeCl,, induced neuronal death to similar
extents 16 hr after the onset of exposure. Although H,O, (50 um)
was not as neurotoxic as the others, because using higher concen-
trations tended to induce additional astroglial injury (J. A. Park
and J.-Y. Koh, unpublished observation), this concentration was
used for comparison. Western blots revealed that none but zinc
exposure was effective for the induction of both p75™'™ and
NADE (Fig. 1C); other toxicants induced neither. RT-PCR assay
revealed that zinc exposure increased mRNA levels of NA DE (Fig.
1D), indicating that the induction occurs at least partly at the
transcription level.

Because cortical cultures contained both neurons and astrocytes,
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Figure 7. Downregulated NADE attenuates zinc neurotox-
icity. A, Left, Bars represent LDH release in cortical cultures
after 20 hr exposure to 25 uM zinc alone (Zinc) or zinc in the % 60
presence of 1 pg/ml cycloheximide (+CHX). Asterisk de- E
notes difference from Zinc ( p < 0.05; two-tailed ¢ test). Right, -+
Western blots for p75N™® and NADE in control (CTRL) or (¥
after 12 hr exposure to 25 uMm zinc without (Zinc) or with 1 o) 40
png/ml cycloheximide (+CHX). Western blots for NeuN are =)
presented as control. B, Left, Bars represent LDH release in -
cortical cultures by additional 20 hr exposure to zinc 25 um 2 20

without (Zinc) or with 10 um of NA DE antisense (4S#1+ or
AS#2+) or 10 um nonsense (NS+) oligonucleotides. Oligo-
nucleotides were transfected into cortical cells using DOTAP 0
liposomal reagents 3 hr before zinc exposure. Asterisks de-

note difference from Zinc (p < 0.05; two-tailed ¢ test with

Bonferroni correction for three comparisons). Right, Western

blots for NADE in cortical cultures treated with 10 um of

each antisense or nonsense oligonucleotides.

we examined which cell type expresses p75NT® and/or NADE
after zinc exposure. In this culture, astrocytes form the confluent
monolayer of flat cells, on which neuronal cells lie. Cultures were
immunocytochemically stained with anti-p75™™® (Fig. 24, rhoda-
mine) or anti-NADE antibody (Fig. 2D, rhodamine), and then
double-stained with anti-NeuN antibody (Fig. 2B,E, FITC). Com-
posite photographs of Figure 2, 4 and B (Fig. 2C), and of Figure 2,
D and E (Fig. 2F), show that both p75™™ and NADE were
exclusively expressed in Neu-N(+) neurons (yellow). In addition,
double staining of zinc-exposed cultures with anti-p75N™® (Fig.
2G, rhodamine, red) and anti-NADE antibodies (Fig. 2H, FITC,
green) revealed that a subset of p75™"R-expressing neurons also
expressed NADE.

NGF and zinc neurotoxicity

Suggesting that signaling through p75™N™® contributed to zinc
neurotoxicity, a p75™"® function-blocking antibody (REX) atten-
uated zinc neurotoxicity (Fig. 34). Conversely, addition of 10-100
ng/ml of NGF significantly potentiated zinc neurotoxicity in both
brief and continuous exposure paradigms (Fig. 3B). These results
suggest that NGF binding to p75~N™® promotes p75™ TR-mediated
neuronal death. Thus, next we examined whether zinc exposure
also increases NGF expression in cortical neurons. Exposure of
cortical cultures for 15 min to 300 um zinc increased NGF immu-
noreactivity selectively in neurons (Fig. 44,B). Furthermore,
ELISA revealed that levels of NGF in the bathing medium mark-
edly increased after exposure to zinc at 8 and 20 hr after the 15 min
zinc exposure (Fig. 4C).

It was shown that p75™™ and NADE associate in PC12 cells
and oligodendrocytes undergoing p75™NTR-triggered apoptosis
(Mukai et al., 2000). Also in zinc-exposed cortical culture, physical
association between p75N"™ and NADE was demonstrated by
their co-immunoprecipitation (Fig. 5). Consistent with the idea
that p75™™® and NADE interaction depends on NGF binding to

% LDH Release
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Caspase inhibitors attenuate zinc neurotoxicity

The death signaling through the p75™T®/NADE system culmi-
nates in caspase activation (Gu et al.,, 1999; Mukai et al., 2000).
Consistently, addition of caspase inhibitors (zVAD-fmk, zDEV D-
fmk, zY VAD-fmk) attenuated cortical neuronal death induced by
brief (15 min, Fig. 64) or continuous (20 hr, Fig. 6B) zinc expo-
sure; the protective effect was more prominent in the latter.

Downregulation of NADE attenuates zinc neurotoxicity

To investigate the direct role of NADE induction in zinc neuro-
toxicity, we examined effects of a protein synthesis inhibitor cyclo-
heximide and NADE antisense oligonucleotides. The reduction of
NADE expression with cycloheximide resulted in partial reduction
of zinc-induced neuronal death (Fig. 74). Furthermore, two differ-
ent kinds of NADE antisense oligonucleotides that substantially
downregulated NADE expression, also partially attenuated zinc-
induced neuronal death (Fig. 7B). Nonsense oligonucleotides had
little effect on NADE expression or neuronal death induced by
zinc. These results suggest that NADE induction partly contributes
to zinc-induced neuronal death.

Induction of p75"™ and NADE in degenerating CA1
neurons after transient forebrain ischemia: its blockade
by Ca EDTA

Previously, we have demonstrated that toxicity mediated by endog-
enous zinc contributes to selective neuronal death after transient
cerebral ischemia (Koh et al., 1996). Hence, we examined the
possibility that p75™ T® and/or NADE induction occurs also in this
case. Examination of the rat hippocampus after 15 min ischemia
revealed that p75™™® and NADE immunoreactivity began to show
up in the CAl pyramidal cell layer at 48 hr after the ischemia (Fig.
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antibody-stained (4,D,G), anti-NADE antibody-stained (B,E,H ), or TUNEL-stained (C,F,]) brain sections of a sham-operated rat (top row) and of rats

72 hr after 15 min ischemia with intraventricular injection of saline (middle row) or CaEDTA (bottom row). p75NTR

immunoreactivity, NADE

immunoreactivity, and TUNEL reactivity were conspicuous in the CA1 pyramidal cell layer 72 hr after ischemia (D-F, arrows). Interestingly, whereas
p75NTR immunoreactivity developed in dentate granule cells (arrowheads), neither NADE immunoreactivity nor TUNEL reactivity developed in them.
Intraventricular injection of CaEDTA almost completely blocked the emergence of all three (G-I). Scale bar, 1 mm.

9E,F) and became more prominent at 72 hr (Figs. 8D,E, 9H,I; five
of five rats). At 24 hr time point, neither p75™ ™ nor NADE
immunoreactivity was seen (data not shown). Based on the findings
from adjacent sections, it appeared that NADE induction occurred
in a subset of p75™TR-immunoreactive neurons. For example,
dentate granule neurons exhibited p75™N"®, but they did not de-
velop NADE immunoreactivity (Fig. 8 D,E, arrowheads). TUNEL
staining of adjacent sections showed that a close correlation existed
between p75N"R/NADE co-immunoreactivity and irreversible
neuronal damage in CA1 pyramidal neurons (Fig. 8 F). By contrast,
as well documented in the literature (Roux et al., 1999), the dentate
granule neurons and CA3 pyramidal neurons that expressed
only p75NTR, were not stained with TUNEL (Fig. 8F, arrow-
heads). Injection of CaEDTA into the lateral ventricle com-
pletely blocked the development of both p75™N™ and NADE
immunoreactivity throughout the hippocampus (Fig. 8G,H). As
shown previously (Koh et al., 1996), this maneuver markedly
reduced CAl neuronal death of transient global ischemia as
demonstrated here by the lack of TUNEL staining (Fig. 87). In
sham-operated animals, neither p75™N"®/NADE expression nor
TUNEL staining was seen (Fig. 84--C)

Staining brain sections with a zinc-specific fluorescent dye, TFL-
Zn, revealed dense zinc accumulation in CA1 pyramidal neurons at
both 48 and 72 hr after 15 min ischemia (Fig. 9D,G). Immunocy-
tochemical staining of adjacent brain sections with anti-p75™ ™R
antibody revealed faint staining at 48 hr after ischemia (Fig. 9E),
which became conspicuous at 72 hr (Fig. 9H). Similarly, immuno-
cytochemical staining with anti-NADE antibody showed faint,
mostly cytoplasmic staining at 48 hr (Fig. 9F) and dense staining
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Figure 9. Correlation between zinc accumulation and p75N"®/NADE
induction. Higher power photomicrographs of the hippocampal CAl re-
gion, sham-operated (fop row), 48 hr (middle row), and 72 hr (bottom row

after 15 min ischemia, stained with TFL-Zn (4, D, G), anti-p75N"

antibody (B, E, H), and anti-NADE antibody (C, F, I). It appeared that zinc
accumulation reached its maximum at 48 hr, whereas p75™ *® and NADE
immunoreactivity increased between 48 and 72 hr. The NADE immuno-
reactivity first appeared in the cytoplasm (F), then spread throughout the
cell including nuclei (7). In contrast, none of zinc accumulation (A),
p75N™ immunoreactivity (B), or NADE immunoreactivity (C) was de-
tected in a sham-operated animal. Scale bar, 100 wm.
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throughout cell bodies at 72 hr (Fig. 9I). This time course is
consistent with that of CA1l neuronal degeneration in transient
global ischemia (Smith et al., 1984; Koh et al., 1996) and appears
preceded by accumulation of zinc in neuronal cell bodies that starts
~24 hr after ischemia (Koh et al., 1996).

DISCUSSION

Conventional wisdom has been that actions by neurotrophic factors
should be always beneficial to neuronal cells (Lewin and Barde,
1996; Klesse and Parada, 1999; Kaplan and Miller, 2000). However,
a recent discovery that p75™T® mediates cell death (Bredesen and
Rabizadeh, 1997; Kaplan and Miller, 1997; Casaccia-Bonnefil et
al., 1999) argues against the idea. Although phenomenon of
p75NTR-mediated apoptosis is now well established, the signaling
molecules involved had not been elucidated. Recently the concur-
rence of apoptosis and p75™T® induction in neurons was demon-
strated in a seizure model (Roux et al., 1999). However, whether
p75NTR induction contributes causally to neuronal apoptosis in
this case has not been determined. Because NADE was recently
identified as a necessary factor for p75™ "®-mediated apoptosis in
oligodendrocytes (Mukai et al., 2000), we asked whether the
p75NTR/NADE system might play a significant role in various
models of pathological neuronal death.

The present study has demonstrated that p75~N"® and NADE
are indeed co-induced in degenerating neurons in cortical cultures.
Intriguingly, this co-induction occurred only in association with
zinc neurotoxicity, but not with calcium or oxidant toxicity, arguing
against the possibility that the induction is a general response to
neuronal injury. Furthermore, signaling through the induced
p75N ™R and NADE may partly contribute to neuronal death in
zinc neurotoxicity, because blockade of the p75™"® signaling with
REX or reduction of NADE expression with cycloheximide or
antisense oligonucleotides substantially attenuated zinc-induced
neuronal death.

Zinc-triggered neuronal death exhibits features of both apopto-
sis and necrosis (Y. H. Kim et al.,, 1999; Lobner et al., 2000).
Consistently, in the present study, caspase inhibitors attenuated
zinc-induced neuronal death substantially but not completely. In
oligodendrocytes, p75™"®/NADE activation results in caspase ac-
tivation and apoptosis (Mukai et al., 2000). Although the present
study was unable to directly demonstrate that p75™ "®/NADE is
responsible for most of the apoptosis component in zinc neurotox-
icity, the fact that similar degree of protection against zinc toxicity
was obtained with caspase inhibitors, REX, cycloheximide, or
NADE antisense oligonucleotides, seems to favor this possibility.

Another interesting finding is the role for NGF in this setting.
Addition of NGF at trophic concentrations (10-100 ng/ml) aug-
mented zinc-induced neuronal death. Combined with the inhibi-
tory effect of REX, it seems likely that NGF binding is required for
the p75NTR/NADE system to carry through its apoptosis signaling
in cortical neurons, as shown in oligodendrocytes (Mukai et al.,
2000). Normally, the level of NGF in medium or cells of cortical
culture is quite low. However, NGF is also induced in cortical
neurons, and moreover, gets released into the bathing medium.
Therefore, in zinc neurotoxicity, all three necessary components of
p75NTR apoptosis, which are NGF, p75N™, and NADE, get
induced and contribute to neuronal death.

The co-induction of p75N™ and NADE is not unique to cul-
tured neurons. After transient global ischemia, both are induced in
degenerating CA1 neurons before neuronal degeneration. Suggest-
ing that toxic zinc accumulation is a key mechanism for the induc-
tion of p75™"™® and NADE also in this in vivo model, injection of
a metal chelator CaEDTA completely blocked induction of
p75N TR and NADE. The induction of p75~N™® has been reported
in degenerating neurons after seizures and ischemia (Lee et al.,
1995; Kokaia et al., 1998; Roux et al., 1999). Hence, p75NTR-
mediated apoptosis may play a significant role in diverse models of
brain injury. Interestingly, we have found that p75™™® is also
induced in dentate granule neurons. However, NADE is not in-
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duced in these neurons, consistent with the fact that dentate
granule neurons usually do not degenerate after transient ischemia.

In cultures, zinc influx into cells occurs immediately after the
exposure to zinc (Koh and Choi, 1994). Consistently, the time
course of p75NT® and NADE induction in cortical culture appears
quite fast, already apparent at 4 hr after zinc exposure. In contrast,
in the rat with transient global ischemia, zinc accumulation grad-
ually occurs in CAl regions ~24-48 hr after transient global
ischemia (Koh et al., 1996). Probably reflecting the delayed time
course of zinc influx, induction of p75™T® and NADE in CAl
neurons that underwent transient global ischemia, took much
slower time course (apparent at 48 hr after ischemia) than that in
zinc-exposed cortical cultures.

The present study for the first time has demonstrated that p7
and newly discovered death executor NADE are co-induced in
degenerating neurons after zinc exposure in cortical culture. Fur-
thermore, thus induced p75™™® and NADE may play an active role
in neuronal death. These insights obtained in cortical culture seem
relevant in vivo, because the co-induction of p75™™® and NADE is
also observed in degenerating CA1 neurons after ischemia, which is
inhibited by zinc chelation. Future studies should examine whether
the induced p75™™® and NADE in ischemia play an active role in
neuronal degeneration as in cortical culture.
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