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The developing cerebral cortex undergoes a period of substan-
tial cell death. The present studies examine the role of the
suicide receptor Fas/Apo[apoptosis]-1 in cerebral cortical de-
velopment. Fas mRNA and protein are transiently expressed in
subsets of cells within the developing rat cerebral cortex during
the peak period of apoptosis. Fas-immunoreactive cells were
localized in close proximity to Fas ligand (FasL)-expressing
cells. The Fas-associated signaling protein receptor interacting
protein (RIP) was expressed by some Fas-expressing cells,
whereas Fas-associated death domain (FADD) was undetect-
able in the early postnatal cerebral cortex. FLICE-inhibitory
protein (FLIP), an inhibitor of Fas activation, was also expressed
in the postnatal cerebral cortex. Fas expression was more
ubiquitous in embryonic cortical neuroblasts in dissociated
culture compared to in situ within the developing brain, sug-
gesting that the environmental milieu partly suppresses Fas

expression at this developmental stage. Furthermore, FADD,
RIP, and FLIP were also expressed by subsets of dissociated
cortical neuroblasts in culture. Fas activation by ligand (FasL) or
anti-Fas antibody induced caspase-dependent cell death in
primary embryonic cortical neuroblast cultures. The activation
of Fas was also accompanied by a rapid downregulation of Fas
receptor expression, non-cell cycle-related incorporation of nu-
cleic acids and nuclear translocation of the RelA/p65 subunit of
the transcription factor NF-kB. Together, these data suggest
that adult cortical cell number may be established, in part, by
an active process of receptor-mediated cell suicide, initiated in
situ by killer (FasL-expressing) cells and that Fas may have
functions in addition to suicide in the developing brain.
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The developing cortical neuroepithelium generates more neurons
than are retained in the adult. Neuronal attrition occurs develop-
mentally, by apoptotic cell suicide. A prominent hypothesis is that
cell death is partly a consequence of competition for limited
target-derived growth factors (Oppenheim, 1985). However, cell
death in other organ systems also results from receptor-mediated
cell suicide, triggered by specific intercellular interactions (Na-
gata, 1997). The present study examined the neural expression and
activation of the suicide receptor Fas/Apo [apoptosis]-1/CD95.
Fas, a member of the tumor necrosis factor receptor (TNFr)
family (Yonehara et al., 1989; Itoh et al., 1991; Cleveland and
Ihle, 1995), first detected in the immune system and, subsequently
in several non-neural tissues (Watanabe-Fukunaga et al., 1992;
Oishi et al.,, 1994; Esser et al., 1995), plays a critical role in
limiting cell proliferation by apoptosis (Nagata and Goldstein,
1995). One transmembrane, cell surface ligand [Fas ligand
(FasL)] has been identified (Suda et al., 1993), suggesting that
intercellular contacts are important for Fas induction of cell
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suicide. Mutations in Fas (/pr) and FasL ( gld) loci lead to lymph-
adenopathy and autoimmune disease (Rieux-Laucat et al., 1995;
Watanabe et al., 1995). Although previous studies reported FasL
expression in the developing brain (French et al., 1996), expres-
sion of Fas, until now, has only been associated with tumorogen-
esis and adult neurological diseases. For example, Fas is ex-
pressed in neural-derived tumors (Tachibana et al., 1995) and is
associated with apoptosis in neuroblastomas (Weller et al., 1998).
Recent reports have identified Fas in adult postmortem brains of
patients with neurodegenerative disorders, including Alzheimer’s
disease (Nishimura et al., 1995) and multiple sclerosis (D’Souza
et al., 1996; Bonetti and Raine, 1997). Fas mRNA is also ex-
pressed in periventricular and perivascular cells in postischemic,
adult mouse brains (Matsuyama et al., 1995). Adult brain expres-
sion may be caused by direct injury to neural cells or invasion of
immune cells into the nervous system.

Activated Fas associates with several signal cascades including
Fas-associated death domain (FADD)/caspase-8, receptor-
interacting protein (RIP) or RIP-associated ICH-1/CED-3 ho-
mologous protein (RAIDD)/caspase-2 complexes or Fas death
domain-associated protein (DAXX) (Boldin et al., 1995; Chin-
naiyan et al., 1995, 1996; Kischkel et al., 1995; Stanger et al., 1995;
Muzio et al., 1996; Ahmad et al., 1997; Duan and Dixit, 1997) to
induce interleukin-13-converting enzyme/cysteine-aspartate pro-
tease (ICE/caspase-1) and CPP-32/caspase-3 protease cascades
(Thornberry et al., 1992; Enari et al., 1995, 1996; Los et al., 1995;
Milligan et al., 1995) or Jun kinase (JNK) activation (Xiaolu et
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al., 1997). In contrast, recently described negative regulators of
Fas, such as FLICE-inhibitory protein (FLIP), prevent Fas acti-
vation of caspase cascades (Irmler et al., 1997). Although Fas
interactions with caspases lead to cell death (Boldin et al., 1995,
1996; Chinnaiyan et al., 1995), Fas—RIP interactions can addi-
tionally activate the transcription factor NF-«B (Oishi et al,
1994). RIP overexpression induces both NF-«B activation (Hsu
etal., 1996) and apoptosis (Stanger et al., 1995). However, NF-«xB
activation generally appears to promote cell survival (Baeuerle
and Baltimore, 1997), suggesting that Fas may activate competi-
tive cell death and survival pathways.

Although Fas has a crucial role in immune system function,
little is known about its expression or role during normal brain
development. We hypothesized that cell death during cerebral
cortical development may be induced by receptor-mediated
mechanisms involving, in part, Fas-FasL interactions. The
present studies examined the expression of Fas/Apo-1 in the
developing cerebral cortex and its role in cell death induction.

MATERIALS AND METHODS

Animals

Timed pregnant rats (Sprague Dawley) were purchased from Harlan.
Embryonic day zero (E0) was defined as the day on which dams were
sperm-positive, and postnatal day one (P1) was the day of birth. A total
of 114 rat pups (E11.5, E13.5, E15, E18, E19, P1-11, P15, P18, and P22)
were used for in vivo analysis, and 93 rat pups were used for in vitro
experiments. In all cases, care was taken to minimize any pain and
discomfort to the animals. Pregnant dams were anesthetized with phe-
nobarbital for prenatal experiments. Pups younger than P10 were anes-
thetized with ice, whereas older pups were anesthetized with
phenobarbital.

In situ hybridization

To determine the temporal expression of Fas mRNA and its association
with the protein RIP, single (nonisotopic) and double (isotopic with
nonisotopic) in situ hybridization of cryostat-sectioned rat brains were
performed according to our published protocols (Miranda and Toran-
Allerand, 1992; Miranda et al., 1993a,b, 1994; Sohrabji et al., 1994b;
Donovan et al., 1995). Embryonic brain tissue was fixed by immersion in
buffered paraformaldehyde with 2.5% dimethylsulfoxide while postnatal
brain tissue was obtained from perfusion-fixed animals. Brains were
cryoprotected in 15% sucrose in PBS and frozen in M1 mounting media
(Lipshaw). Briefly, 20 wm cryostat-sectioned brain slices from the septo-
hippocampal region were thaw-mounted onto treated slides. Brain sec-
tions from six different ages were combined onto one slide, and slides
containing different age series were processed simultaneously to limit
experimental variability. A specific 45 base oligonucleotide sequence
complimentary to Fas mRNA (5'GTG TGC AAG GCT CAA GGA
TGT CTT CAA GTC CAC ACG AGG TGC AGT3’) or RIP mRNA
(5'TTC TCC GTG TTT GCA TTG ATG TCA TTC AGG TGT TGT
TCG GGT GCC A3') and sense controls were 3’ end-labeled with
digoxigenin-11-dUTP or y-[**P]dATP, respectively. After hybridization
with Fas or RIP probes, sections were washed in 0.1xX SSC (15 mMm
sodium chloride and 1.5 mM sodium citrate, 2 hr, 50°C) then in 1X SSC
(0.15 ™ sodium chloride and 0.015 M sodium citrate, overnight, 50°C).
Slides being processed for combined in situ hybridization were then
incubated with the second oligonucleotide probe or sense control. Sec-
tions were then incubated with an alkaline-phosphatase-linked anti-
digoxigenin antibody, (Boehringer Mannheim, Indianapolis, IN) and
processed for alkaline phosphatase-linked histochemistry. Sections pro-
cessed for combined in situ hybridization were dehydrated briefly
through an ethanol gradient containing 0.3 M sodium acetate. Slides were
subsequently coated with autoradiographic emulsion (Ilford, K5) and
processed for the detection of the **P-labeled oligonucleotide probe.
Hybridization with **P-labeled probes was considered specific when the
accumulation of exposed silver grains exceeded 5 times background
(Arnold, 1980). Sense controls did not exhibit any hybridization.

RT-PCR

RT-PCR was used to confirm the expression of Fas mRNA in the
developing rat cortex, according to previously published protocols (So-

J. Neurosci., March 1, 1999, 79(5):1754-1770 1755

hrabji et al., 1994a; Donovan et al., 1995; Miranda et al., 1996). Forward:
5'AAG AGG CAA CCT GGT GAC CC3' and reverse: 5'GGG TCA
CCA GGT TGC CTC TT3' rat-specific primers were designed to cross
exon—intron boundaries and have a melting temperature difference of
0.2°C. RT-PCR was performed on DNase-treated, total RNA (P6 cortex)
using a kit (Gene-Amp; Perkin-Elmer, Emeryville, CA) and manufac-
turer’s instructions. cDNA was synthesized using reverse transcriptase
and reverse primers specific to Fas and cyclophillin (a control) (Sohrabji
et al., 1995). After heat denaturation of reverse transcriptase, the cDNA
product was amplified for Fas or cyclophillin mRNA. The PCR program
(MJ Research PTC200 thermal cycler), 94°C for 1 min, 45°C for 30 sec,
and 72°C for 1 min, was cycled 30 times. The PCR product was size-
fractionated on a 2% agarose gel. A control transcript (cyclophillin) was
also reverse-transcribed and amplified. No bands were observed for RNA
samples not exposed to reverse transcriptase but incubated with Fas
primers and processed for PCR. An Avall restriction digest of the PCR
product yielded two fragments of the expected size (202 and 248 bp,
respectively).

Western analysis

The expression of Fas, its associated proteins FADD and RIP, the
negative regulator FLIP, and the ligand FasL was verified by Western
immunoblot analysis of P6 cerebral cortex, according to our previously
published protocols (Donovan et al., 1995; Miranda et al., 1996). The
polyclonal FLIP antibody was generated in New Zealand white rabbits
against a 26 amino acid (SAEVIHQVEEALDTDEKEMLLFLCRD)
sequence spanning amino acids 2-27 at the N terminus of FLIP using
multiple antigen technology (Francis et al., 1991). This sequence is
common among all of the reported isoforms of human FLIP (Hu et al.,
1997; Irmler et al., 1997; Srinivasula et al., 1997) and highly homologous
to the corresponding sequence of murine FLIP (Irmler et al., 1997). The
IgG fraction of the antiserum was isolated using an E-Z-SEP kit (Phar-
macia, Piscataway, NJ) and affinity-purified on the corresponding pep-
tides coupled to Affi-Gel 15 gel (Bio-Rad, Hercules, CA).

To determine whether Fas lead to changes in cell cycle, Western blot
analysis was also performed for proliferating cell nuclear antigen
(PCNA) expression. PCNA is a G1-S phase cell cycle marker whose
expression is rapidly upregulated during DNA replication (Celis and
Celis, 1985; Kurki et al., 1986).

Detergent (1% SDS)-soluble protein was isolated using the Trizol
reagent (Life Technologies, Gaithersburg, MD). Protein samples were
size-fractionated on an 8% SDS-polyacrylamide gel and blotted onto
supported nitrocellulose (Hibond-C-super; Amersham, Arlington
Heights, IL). Blots were blocked [5% milk, TBS (1.4 M NaCl, 0.2 m
Tris)-0.1% Tween 20], exposed to primary antibody [mouse monoclonal
anti-Fas antibody (Transduction Laboratories, Lexington, KY; 1:500);
mouse monoclonal RIP antibody (Transduction Laboratories, 1:500);
mouse monoclonal anti-FADD antibody (Transduction Laboratories,
1:500); affinity-purified rabbit polyclonal anti-FLIP antibody (1:500);
anti-FasL antibody (Transduction Laboratories; 1:500); mouse monoclo-
nal anti-PCNA antibody (Calbiochem, La Jolla, CA; 1:66)], washed and
exposed to horse anti-mouse secondary antibody (Vector Laboratories,
Burlingame, CA; 1:1000) or donkey anti-rabbit (Jackson ImmunoRe-
search, West Grove, PA; 1:5000), washed again and exposed to strepta-
vidin horseradish-peroxidase conjugate (Amersham). Immunoreactive
bands were detected using enzyme-linked chemiluminescence (NEN).

Appropriate-sized bands (Fas, 45 kDa; RIP, 74 kDa; FADD, 24 kDa;
FasL, 37 kDa) were also observed in a size-fractionated positive control
(Jurkat cell total protein lysate). To test the specificity of anti-FLIP
antibody, protein obtained from COS7 cells transfected with the coding
sequence of FLIP in an expression vector were used as controls. The
antibody recognizes FLIP (at ~60 kDa) in transfected COS7 cells (see
Fig. 6 D), human endothelial cells (M. Sata and K. Walsh, unpublished
observations), and murine C2C12 skeletal myoblast cell lines (T. Mano
and K. Walsh, unpublished observations). Western blot analysis for
PCNA yielded a band of expected size (37 kDa).

Immunohistochemistry and immunofluorescence

To determine the temporal expression of the Fas receptor, the expression
of the associated protein RIP and the transcription factor NF-«kB, im-
munohistochemistry and immunofluorescence were performed on fixed
20-pum-thick thaw-mounted sections (Fas, RIP) or dissociated cortical
cultures (NF-«B), according to previously published protocols (Toran-
Allerand et al., 1991; Donovan et al., 1995; Miranda et al., 1996). Binding
of the primary antibody [mouse monoclonal antibody to Fas (Transduc-
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tion Laboratories, 1:500); mouse monoclonal antibody to RIP (Trans-
duction Laboratories, 1:500); rabbit polyclonal antibody to p65/RelA
subunit of NF-«kB (Santa Cruz Biotechnology, Santa Cruz, CA; 1:250)]
was detected using the appropriate secondary antibody conjugated to
biotin [horse anti-mouse (Vector Laboratories, 1:1000) or donkey anti-
rabbit (Jackson ImmunoResearch, 1:500)], either linked to horseradish
peroxidase via an avidin-biotin complex (Vector ABC elite) and diami-
nobenzidine as a chromogenic substrate for immunohistochemistry or
conjugated to streptavidin-FITC or rhodamine-avidin for immunofluo-
rescence. Cultures immunostained for the p65/RelA subunit of NF-«B
were also counterstained with a nuclear stain (Hoechst dye #33342).
For combined immunohistochemistry with Fas and neuronal markers
or Fas with either FasL, FADD, or FLIP, after immunohistochemistry
for Fas [mouse monoclonal anti-Fas antibody (Transduction Laborato-
ries) or rabbit polyclonal anti-Fas antibody (Santa Cruz; secondary don-
key anti-rabbit antibody from Jackson ImmunoResearch), 1:500], tissue
sections or cultures were exposed to either a cocktail of antibodies [rabbit
polyclonal anti-microtubule associated protein (M AP) antibody (selec-
tive for MAP2, Sigma), rabbit polyclonal anti-neurofilament 150 kDa
antibody, and rabbit polyclonal anti-neurofilament 200 kDa antibody
(Genosys), all at 1:500 dilution] or rabbit polyclonal anti-FasL antibody
(Santa Cruz, 1:500), mouse monoclonal anti-FADD antibody (Transduc-
tion Laboratories, 1:250), and rabbit polyclonal anti-FLIP antibody (1:
500). Binding of the second, primary antibody was visualized by the
appropriate secondary antibody, either a biotinylated donkey anti-rabbit
antibody (Jackson ImmunoResearch, 1:500) or horse anti-mouse (Vector
Laboratories, 1:1000) coupled to either streptavidin-FITC or rhodamine-
avidin. A cocktail of antibodies to neuron-specific markers was used to
maximize the labeling of both processes and the soma of neurons at
various stages of differentiation. In controls, no staining was observed in
sections exposed to preimmune serum in place of the primary antibody.

Detection of apoptotic profiles

To determine the normal temporal expression of apoptosis in the devel-
oping cerebral cortex, apoptotic profiles were detected by nonisotopic
terminal deoxynucleotidyl transferase-mediated digoxigenin-dUTP nick
end labeling (TUNEL) of nucleosomal fragments generated by endonu-
clease cleavage. Tissue sections (10 um) were extensively dilipidated,
then rehydrated again. Slides were treated with proteinase K (20 pg/ml
Sigma, 15 min at room temperature), washed extensively and exposed for
30 min, to equilibration buffer [1X TDT buffer (Life Technologies) and
BSA]. Each slide was then incubated for 3 hr, at 37°C, with a solution
containing 1X TDT buffer, BSA (1 mg/ml), 37 U TDT, and 1 pmol
digoxigenin-11-dUTP. Slides were washed in Tris-buffered saline and
processed for immunohistochemistry with an alkaline phosphatase-
conjugated, anti-digoxigenin antibody.

The presence of apoptotic profiles was also confirmed by staining with
Hoechst dye #33342. Hoechst dye #33342 binds specifically to A-T base
regions in DNA and emits blue immunofluorescence at 350 nm. The dye
was administered to fixed cells at 10 ug/ml for 30 min. Apoptotic profiles
exhibit a highly condensed nuclear fluorescence, whereas viable cells
exhibit a diffuse nuclear fluorescence.

Dissociated cell culture

Fas induction of cell death. To examine whether activated Fas could
induce cell death, cultures of dissociated cortical neuroblasts were ob-
tained from E15 rat brains. Neuroblasts were dispersed by trituration in
0.5% trypsin and 6.84 mM EDTA (Sigma) and were plated on mouse-
laminin-coated (0.1 mg/ml) 96-well plates. Experimental groups were
exposed to a soluble Fas Ligand (sFasL; 5 ng/ml, Alexis Corporation)
with enhancer (1 pg/ml, Alexis Corporation), the monoclonal anti-Fas
antibody alone [at 1:500 dilution in media, Transduction Laboratories
(the antibody was specific to an 18.2 kDa peptide corresponding to amino
acids 1-163 of the extracellular domain)], or either sFasL or the anti-Fas
antibody together with one of three ICE-like protease/caspase inhibitors
[ICE inhibitor I (acetyl-YVAD-aldehyde), ICE inhibitor II (acetyl-
Y VAD-chloromethylketone), or ICE inhibitor III (acetyl-YVAD-
acyloxymethylketone)], all at 100 pg/ml of medium, Calbiochem). Con-
trol wells were exposed to either culture medium (89% DMEM, 10%
gelding serum, and 1% penicillin—streptomycin) alone or culture me-
dium containing one of three ICE inhibitors (100 pg/ml of medium).
Inhibitors were chosen for their ability to nonspecifically block the
caspase-mediated cell death pathway downstream of Fas activation in
immune tissue (Enari et al., 1996). Cultures were maintained at 37°C for
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48 hr after treatment and then fixed and stained with hemotoxillin and
eosin.

5-Bromodeoxyuridine labeling assay. To determine whether loss of E15
cortical neuroblast cultures after Fas activation was, in part, a result of
changes in cell proliferation, the incorporation of a DNA replication
marker, 5-bromodeoxyuridine (BrdU), was determined by a cell prolif-
eration ELISA assay (Boehringer Mannheim). Cultures were established
and exposed to Fas activators on E15 according to the protocol described
above. Cultures were fixed 8.5 hr after administration of a 10 um BrdU
pulse and assayed for BrdU incorporation according to the kit manufac-
turer’s instructions (Boehringer Mannheim). Briefly, cells were exposed
to 20 wl of fixative for 30 min at room temperature and then incubated
with 100 ul anti-BrdU conjugated to peroxidase for 120 min. Culture
wells were subsequently washed and exposed to color substrate solution
(tetramethylbenzidine). Spectrophotometric analysis was performed us-
ing a standard microtiter plate reader (ELy808; Bio-Tek Instruments)
with absorbance measured at 340 nm with a reference wavelength at 490
nm. Furthermore, to determine whether BrdU incorporation is caused by
scheduled versus unscheduled DNA synthesis (DNA repair), we exam-
ined the Fas-related expression of the cell cycle protein PCNA using
Western immunoblot analysis (see above) and the proportion of cells in
cell cycle using fluorescence-assisted cell sorting (FACS) analysis (see
below).

FACS analysis of cell cycle. Flow cytometric analysis was used to
measure DNA content and the proportion of neuroblasts in cell cycle by
the fluorescence intensity of propidium iodide intercalation. Dissociated
E15 cortical neuroblasts were cultured on laminin substrate and admin-
istered control medium or sFasL (5 ng/ml, Alexis Corporation) for 8 hr.
The cultures were exposed to 0.5% trypsin and 6.84 mm EDTA (Sigma)
to bring the cells into solution. The cells were washed twice with cold
PBS and centrifuged at 350 X g, before the pellet was resuspended in
ice-cold 70% ethanol and fixed overnight at 4°C. The cells were stained
in PBS, 0.1% Triton X-100 (Sigma), 0.5 mmol/l EDTA, 0.05 mg/ml
RNase A (Life Technologies), and 50 pg/ml propidium iodide (Boehr-
inger Mannheim) at 4°C for 4 hr. DNA content was analyzed from 10*
cells using an FACS flow cytometer (Becton Dickinson) with excitation
at 488 nm (argon laser) and detection at 620-700 nm. To determine
whether there was a decrease in cell cycle, the number of cells with
greater than diploid DNA content (G2 + S) was ratioed to the number
of cells with normal diploid DNA content (GO + G1).

Fas activation of the p65/RelA subunit of NF-kB. To determine the role
of Fas in NF-«B activation, cultures of cortical neuroblasts were plated
on glass laminin-coated slides compartmentalized with a silicon grid
(Flexiperm; Harheaus Instruments). Experimental groups were exposed
to sFasL (5 ng/ml) with enhancer (1 ug/ml) or sFasL with ICE inhibitor
III (at 100 pg/ml of medium). Control wells were exposed to culture
medium alone. Cultures were maintained at 37°C for either 1, 2, 4, 8, or
24 hr, then fixed. NF-kB localization was determined by immunofluo-
rescence (as described above) and nuclei were counterstained with
Hoechst dye #33342.

Data analysis

The density of apoptotic and Fas mRNA-positive cells were determined
using a standard image analysis package (Bioquant). The density of
TUNEL-positive cells in periseptal isocortex were averaged over counts
of 10 random fields (200 X 260 wm) to generate a single sample value for
each animal. For dissociated cultures, the total pixel area occupied by cell
colonies was counted over a 1.6 X 2.6 mm area. Densitometric analysis of
Western immunoblots was performed using standard analytical software
(Molecular Analyst; Bio-Rad). After FACS analysis, the ratio of cells in
cell cycle was calculated by the formula (G2 + S)/(GO + G1). Statistical
differences were calculated using ANOVAs followed by post hoc tests
(Student-Newman-Keuls, p < 0.05).

RESULTS

Expression of Fas mRNA in the telencephalon
Fas mRNA expression was detected by nonisotopic in situ hybrid-
ization in embryonic and postnatal rat forebrain (Fig. 1) and
confirmed by RT-PCR (Fig. 24). The cerebral cortex and hip-
pocampus (data not shown) were the principle sites of Fas mRNA
expression.

Fas mRNA was not observed at E13 (Fig. 1a). Fas mRNA was
initially expressed in the developing cerebral cortex at E15 (Fig.
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1b, inset). There were a few mRNA-expressing cells in the differ-
entiating cortical primordial plexiform and neuroepithelial layers.
At E19, Fas mRNA-expressing cells were observed within the
basal forebrain and piriform cortex but not in isocortical or other
allocortical regions or in the ventricular zone (Fig. 1c). At P1 and
P3, a few cells within the cortical plate (Fig. 1d,e), subplate, and
ventricular zone (data not shown) expressed Fas mRNA. Expres-
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Figure 1. Age-related alterations in cortical
Fas mRNA expression. Fas mRNA expres-
sion was not observed at E13 (a, asterisks
indicate boundaries of cortical neuroepitheli-
um). Expression was observed in a few cells
at E15 (b, inset, arrowheads), then drops to
virtually undetectable levels in cingulate and
isocortex just before birth, E19 (c¢). Fas
mRNA is re-expressed postnatally. Expres-
sion is observed in only a few cells on P1 (d,
arrows). Expression increases from P3 (e) to
the end of the first postnatal week, P6 ( f; inset
shows higher magnification of hybridization
to cortical cells), and declines thereafter from
P9 (g) to P11 (&) to undetectable levels by
P22 (i). Sense controls [P6 cortex (j)] showed
no hybridization. v, Ventricle; c¢p, cortical
plate; cc, corpus callosum. Scale bars: a—, e,
570 pm; b, inset, d, 30 pwm; f, inset, 60 wm.

sion was also observed in cells within the interhemispheric fissure,
at the base of the corpus callosum (data not shown). Expression
in these areas increased during the first postnatal week and
peaked by P6 (Fig. 1f), declining thereafter. At P6, there was
increased expression in multiple regions of the cerebral cortex,
including isocortex (Fig. 1f), piriform, and cingulate cortices, as
well as the residual ventricular epithelium. A few cells among the
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Figure 2. A, Expression of Fas mRNA in the developing
cerebral cortex (P6) was confirmed by RT-PCR. Size-
fractionation of the product revealed a single band corre-
sponding to the expected cDNA length (450 bp). RT-PCR of
cyclophillin mRNA and RNA amplified with the Fas primer
in the absence of reverse transcriptase were included as
controls. B, The expression of Fas-like immunoreactivity was
confirmed by Western analysis of 100 pg of detergent-soluble
protein obtained from P6 cerebral cortex. A protein band at
45 kDa was Fas-immunoreactive, corresponding to the ex-
pected size for Fas. Size fractionation of 20 ug of total
protein obtained from jurkat cells (a positive control) re-
vealed a band of similar size.

afferent and efferent cortical pathways also expressed Fas mRNA.
Most notable among these were the morphologically distinguish-
able magnocellular neurons in the corpus callosum. By P9 (Fig.
1g), there was a decline in Fas mRNA expression until, by P11-P22,
expression (Fig. 1 A,i) was similar to the sense controls (Fig. 1j).

A few Fas mRNA-expressing cells were observed in other
regions of the developing forebrain as well. For example, Fas
mRNA was expressed in the postnatal hippocampus. At P4,
Fas mRNA was expressed in all of the hippocampus. By P6, Fas
mRNA was expressed in CA 2 and 3 but no expression was
observed in either CAl or the dentate gyrus of the hippocampal
formation. Toward the end of the first postnatal week, Fas mRNA
expression was also observed in other telencephalic structures
such as the amygdaloid complex and the basal forebrain. Some
expression was also observed in the thalamus and the hypothal-
amus (the arcuate nucleus, ventromedial hypothalamus, and lat-
eral hypothalamus). However, at the peak period of Fas mRNA
expression, the greatest expression was observed in the cerebral
cortex and hippocampus.

Developmental expression of Fas immunoreactivity
An immunoreactive protein band at ~45 kDa, corresponding to
the expected size for Fas (Oehm et al., 1992) (Fig. 2B) was
observed in detergent-soluble protein from P6 cortex as well as
protein isolated from Jurkat cells. Jurkat cells were used as a
positive control because they have been previously shown to
express Fas (Marimoto et al., 1994; Weis et al., 1995). At E11.5
(data not shown) and E13.5 (Fig. 3a), no Fas immunoreactivity
was observed in the developing brain. By E15, however, Fas-
immunoreactive cells were observed in the developing cerebral
isocortex (Fig. 3b—d, arrowheads). Some Fas-like immunoreactiv-
ity was also observed in the diencephalon, spinal cord, and dorsal
root ganglia. Between E18 and E20, no Fas-like immunoreactivity
was observed in isocortical areas (Fig. 3e¢). However, Fas-like
immunoreactivity was observed within the soma of cells in the
basal forebrain, the piriform cortex, and neuroepithelium (ven-
tricular zone, data not shown).

At P1, Fas immunoreactivity was re-expressed within the
perikaryon of a few immature cells in the isocortex (Fig. 3f.g,
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arrowheads) as well as within the soma of cingulate cortical cells
and ventricular zone neuroblasts. Between P1 and P6, fewer
perikaryon expressed Fas immunoreactivity. Instead, immunore-
active product was increasingly limited to intracortical fibers
[Figs. 3h, 4A, arrowheads show localization primarily to apical
dendrites of cortical pyramidal neurons (Fas immunofluorescence
at P6)] and to fibers of passage within the corpus callosum and
anterior commisure (data not shown). Fas-like immunoreactivity
was initially observed only in the most medial portion of the
corpus callosum. Immunoreactivity decreased during the second
postnatal week (Fig. 3i,j, arrowheads) and was undetectable by
P18 (Fig. 3k,l). From P18 (Fig. 3k,/) onward, staining was com-
parable to preimmune serum controls (Fig. 3m). At the peak
period of Fas expression, the greatest expression was observed in
the cerebral cortex, in corticofugal pathways, and in structures
that form part of the hippocampal formation, the alveus, and
fornix (data not shown).

Fas is expressed in developing neurons

We examined whether Fas expression in the developing cerebral
cortex was localized to neurons. Combined immunohistochemis-
try for Fas and a cocktail of neuronal markers indicated that Fas
was expressed in a subset of neurons (Fig. 44,B; see arrowheads
vs asterisks) of the developing cerebral cortex. Fas expression
appeared particularly strong in the apical dendrites of these
neurons and is comparable to the pattern of immunostaining at
P6 depicted in Figure 3.

Localization of Fas-associated signaling components,
FasL, RIP, FADD, and FLIP in relationship to

Fas expression

Fas activation by its cognate ligand, FasL, in the immune system
leads, in turn, to the activation of several Fas-associated proteins,
including FADD and RIP. To determine whether the developing
brain expresses similar signaling mechanisms, the expression of
FasL, FADD, RIP, and the inhibitor FLIP, was examined in the
cortical plate. Western immunoblot analysis for FasL indicated
the presence of an immunoreactive band at 37 kDa in P6 cortex
and in Jurkat cells (a positive control, see Fig. 6D). Combined
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Figure 3.  Immunohistochemical analysis of Fas expression in the developing cerebral cortex. Fas immunoreactivity was undetectable at E13 (a, asterisks
indicate boundaries of the cortical neuroepithelium). Expression was observed in a few cells at E15 (b—d, arrowheads) then drops to undetectable levels
in cingulate and isocortex by E19 (e). Fas immunoreactivity is re-expressed postnatally. Expression is observed in only a few cells on P1 ( f, g, arrowheads)
and increases to the end of the first postnatal week, P6 (%) then declines thereafter from P8 (i) to P11 (j, arrowheads indicate staining in the corpus
callosum) to undetectable levels by P18 (k) and P22 (/). Control sections lacking the antibody showed no staining: P6 (m). v, Ventricle. Scale bars: a,

b, e, f, i-m, 114 um; ¢, d, g, 30 pm; e, 300 wm; 4, 60 wm.

immunohistochemistry of Fas and FasL confirmed that the ligand
is localized to regions of Fas expression. In the developing ven-
tricular zone, in particular, FasL was expressed in cells neighbor-
ing those expressing Fas (Fig. 54,B). Within the cortical plate,
Fas-immunoreactive fibers were present proximate to FasL-
immunoreactive cells (Fig. 4C).

Combined isotopic and nonisotopic in situ hybridization for
RIP and Fas, respectively, at P6 indicates that RIP mRNA ( green
grains) are expressed in a subset of Fas mRNA-expressing cells
(blue--black color product) in the developing cerebral cortex (Fig.
4E). Immunohistochemical analysis indicates that RIP localizes
to neurites in the cortical plate (Fig. 4C). Western blot analysis of
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Figure 4. A, B, Colocalization of Fas-like
immunofluorescence (A4, rhodamine) to (B,
FITC) immunofluorescence for a cocktail of
neuronal markers (MAP2, NF150, NF200) in
P6 cerebral cortex suggests that Fas is local-
ized to neurons. Arrowheads indicate overlap-
ping immunofluorescence for Fas and neuro-
nal markers in the cell soma and fibers.
Asterisks indicate cells that express Fas but do
not show immunofluorescence for the neuro-
nal markers. C, Combined immunohisto-
chemistry for Fas [(FITC) green immunoflu-
orescence|] and FasL [(rhodamine) orange
immunofluorescence] in P2 superficial corti-
cal plate. Fas-immunoreactive fibers (ar-
rowheads) are observed in the proximity of
FasL-expressing cells (arrows). D, Immuno-
histochemical localization of RIP [(FITC)
green immunofluorescence] in P6 cortical
plate. RIP-immunoreactive fibers (arrow-
heads) are observed in the superficial cor-
tex. Asterisks correspond to nonspecific flu-
orescence of red blood cells. E, Combined
isotopic and nonisotopic in situ hybridiza-
tion for RIP and Fas mRNA, respectively,
in P6 cortical plate. RIP mRNA (green
grains) is expressed in a subset of Fas
mRNA-expressing cells (blue reaction prod-
uct). Arrowhead indicates cell coexpressing
Fas and RIP mRNA, whereas arrow indi-
cates cell expressing only Fas mRNA. F, G,
Combined immunofluorescence for Fas (F,
rhodamine) and FADD (G, FITC) in em-
bryonic dissociated cortical neuroblast cul-
tures. Arrows indicate subsets of Fas-
expressing cells in colonies that also express
FADD. Arrowheads indicate that FADD is not
expressed by individual, isolated Fas-expressing
cells. H, I, Colocalization of Fas-like immuno-
fluorescence (H, rhodamine) to immunofluo-
rescence for FLIP (/, FITC) in a subset of
Fas-expressing E15 cortical neuroblasts. Scale
bars: A, B, F-I, 29 um; C-E, 30 pm.

detergent-soluble protein obtained from P6 cortex indicated im-
munoreactivity for a protein band at ~74 kDa, corresponding to
the expected size for RIP (Stanger et al., 1995) (Fig. 64). A
similar sized band was observed in total protein isolated from
Jurkat cells, a positive control.

In contrast, we were unable to detect the expression of FADD
in the postnatal rat cortex by Western immunoblot analysis,
although a band corresponding to the expected size (24 kDa) was
expressed in the positive control, Jurkat cell lysate (Fig. 6B).
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Similarly, FADD protein and mRNA were not detected by im-
munohistochemistry and in situ hybridization, respectively,
within the developing cerebral cortex (data not shown).
Western immunoblot analysis indicated that FLIP, the nega-
tive regulator of Fas activation was also expressed by the postna-
tal rat brain. A band just below the 66 kDa molecular weight
marker corresponding to the expected size of ~60 kDa was
detected in soluble protein obtained from P6 cortex and corre-
sponded to a similar-sized band in a protein sample obtained
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from COS7 cells transfected with the FLIP plasmid in an expres-
sion vector. The lower molecular weight band in transfected
COS7 cells (Fig. 6D) may represent a cleavage product (Irmler et
al., 1997).

We also examined the expression of Fas-associated proteins in
cultured E15 cortical neuroblasts. RIP (data not shown), FADD,
and FLIP were expressed in E15 cortical neuroblasts cultures.
Subsets of Fas-expressing cells also expressed FADD and FLIP
(Fig. 4F-I). Furthermore, FADD localized to Fas-expressing
cells that were clustered together in colonies (Fig. 4 F,G, arrows)
but not to individual, isolated, Fas-expressing cells (Fig. 4 F,G,
arrowheads).

Apoptosis in the developing cerebral cortex

Because Fas activation induces apoptosis in non-neural tissues,
we examined the temporal regulation of apoptosis in the devel-
oping cerebral cortex. Apoptotic profiles were visualized by end-
labeling of nucleosomal fragments (Fig. 7a,b,f). There was a
significant, age-related decline in the density of apoptotic profiles
from the first to the second postnatal weeks (Fig. 7c¢). Apoptotic
profiles were observed throughout all laminae of the cortical plate
as well as within the cortical subplate and ventricular zone (re-
gions that also expressed Fas mRNA and immunoreactivity). The
highest density of apoptotic cells was observed in the cingulate
cortex.

J. Neurosci., March 1, 1999, 79(5):1754-1770 1761

Figure 5. A, B, Combined immunohistochemistry for Fas
(A) and immunofluorescence for FasL (B) in the ventricular
zone of the developing cerebral cortex indicate that FasL is
expressed in cells (arrows) neighboring Fas-expressing cells
(arrowheads). Iv, Lateral ventricle; cc, corpus callosum. Scale
bars, 60 wm.

Fas activation induces neural cell death by a caspase-
dependent pathway, and downregulates the
expression of the Fas receptor
We examined whether Fas activation leads to the death of disso-
ciated embryonic cortical neuroblasts in primary cultures. Disso-
ciated embryonic cortical neuroblasts (Fig. 84, left panel) prolif-
erate in vitro to form neuroblast colonies (Fig. 84, right panel)
and ubiquitously express Fas immunoreactivity (Fig. 8B, left
panel; Fig. 4F,H) as compared with preimmune serum controls
(Fig. 8B, right panel). The addition of sFasL (Fig. 8C1,C2) to
these cortical cultures led to a significant (p < 0.05) 22.6-fold
decrease in the density of these neuroblast colonies. Similarly, the
addition of an activating anti-Fas antibody (Fig. 8D1,D2) led to a
significant (p < 0.05) 4.3-fold decrease in neuroblast density. Fas
activation by its ligand was tested in dissociated cell cultures to
decrease cell—cell interactions and to minimize the actions of
endogenous FasL. Concurrent addition of caspase inhibitors
ICE,, ICE,;, or ICE, significantly attenuated (p < 0.05) sFasL-
induced cell loss (Fig. 8C1,C2). However, only ICE,;, significantly
attenuated (p < 0.05) anti-Fas antibody-induced cell loss (Fig.
8D1,D2).

In a second set of experiments, cortical neuroblasts were
stained with the Hoechst dye #33258 (a nuclear stain specific for
double stranded DNA). After Fas activation by FasL, nuclei of
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Figure 6. The expression of the Fas-associated proteins RIP (4), FADD
(B), FLIP (C), and FasL (D) was examined by Western analysis of 50 ug
of detergent-soluble protein obtained from P6 cerebral cortex obtained
from four separate animals (lanes 1-4). Bands corresponding to RIP (74
kDa) and FasL (37 kDa) were detected in 10 ug of Jurkat cell lysates (a
positive control) and in P6 cortex. FLIP expression in P6 cortex was
confirmed by the appearance of a similar band just below the 66 kDa
molecular weight marker, corresponding to the expected size of ~60 kDa,
in protein extract from COS7 cell transfected with the full-length FLIP
plasmid (positive control). In contrast, we did not detect any bands
corresponding to the expected size for FADD in the cerebral cortex,
although a band of the approximate size (24 kDa) was observed in Jurkat
cell-derived protein (a positive control). Mkr, Biotinylated marker.

cells became condensed as compared with control cultures (Fig.
8E), suggesting that Fas induces apoptotic cell death.

Western immunoblot analysis indicates that exposure of E15
cortical neuroblast cultures to FasL leads to a significant (p <
0.05) decrease in the ratio of Fas to total soluble protein within 8
hr, suggesting that Fas activation leads to a loss of the Fas
receptor (Fig. 9). Fas-mediated receptor downregulation was
partially attenuated by concurrent exposure to the caspase inhib-
itor ICE,;, because the expression of Fas after FasL. + ICE,
treatment was not different from controls. ICE;; by itself had no
significant effect on Fas expression.

Fas activation does not inhibit cell cycle activity

To determine whether Fas activation decreases cell proliferation
rather than inducing cell death alone, we examined the effect of
Fas activation on the incorporation of BrdU into nuclear DNA.
We hypothesized that Fas may decrease BrdU incorporation.

Cheema et al. « Fas/Apo-1 in Cortical Development

However, 8.5 hr after sFasL or anti-Fas antibody addition, there
was a significant (p < 0.05) increase in BrdU incorporation into
dissociated primary cultures of cortical neuroblasts (Fig. 10).
BrdU incorporation was attenuated by concurrent exposure to
ICE,;;. However, ICE,;; treatment by itself had no effect on BrdU
incorporation.

To determine whether BrdU incorporation was indicative of
DNA synthesis, we examined the Fas-mediated regulation of
PCNA, a cofactor for DNA polymerase 8 (Celis and Celis, 1985;
Kurki et al., 1986) that shows increased expression at the G, to S
phase transition in the cell cycle. sFasL or anti-Fas antibody did
not lead to a significant change in PCNA (Fig. 1141,42) at 8.5 hr,
suggesting that the BrdU incorporation was not caused by DNA
replication. Furthermore, we examined the cell cycle-specific up-
take of the intercalative DNA-binding dye propidium iodide.
Using FACS analysis, we found that sFasL treatment for 8 hr did
not lead to an increase in the proportion of cells in cell cycle
[hyper-diploid cells (G2 + S) to diploid cells (GO + G1)] relative
to controls (Fig. 11B1,B2).

Fas activation induces nuclear localization of NF-xB

The Fas-associated protein RIP has been implicated in the acti-
vation of the nuclear transcription factor NF-kB (Hsu et al.,
1996). Furthermore, Fas can activate the transcription factor
NF-«B in fibroblasts (Rensing-Ehl et al., 1995). Control and FasL
or FasLL + ICE,;-treated cultures were immunostained for the
RelA/p65 subunit of NF-«B (Fig. 12, arrowheads) and counter-
stained with a nuclear dye (Hoechst dye #33342; Fig. 12, arrows).
In control cultures, immunoreactivity for the RelA/p65 subunit of
NF-«B was associated primarily with the cytoplasm and proximal
processes (Fig. 12a,b). Virtually no immunofluorescence was ob-
served in the nucleus. Both of the Fas activators, sFasL (Fig.
12¢,d) or anti-Fas antibody (data not shown), led to a nuclear
localization of immunofluorescence. Furthermore, within 2 hr
after Fas activation, immunoreactive cells appeared to take on a
condensed and irregular morphology relative to controls. Coun-
terstaining with the Hoechst dye #33342 indicated that even in
cells with fragmented nuclei, the highest density of NF-«kB im-
munoreactivity was associated with nuclear fragments (Fig.
12d1,d2, inset, arrowheads). Concurrent administration of the
caspase inhibitor ICE ; (Fig. 12e,f) prevented the condensation
of nuclei but did not prevent the localization of RelA to the
nucleus since the highest fluorescence intensity continued to be
localized over the nucleus.

DISCUSSION

Substantial cell suicide occurs during cortical development (Fer-
rer et al., 1990, 1992; Blaschke et al., 1996). Previous reports
indicated that Fas expression in neural tissue is associated pri-
marily with tumorogenesis and with adult neurodegenerative
diseases. Fas-mediated apoptosis in the nervous system may re-
flect neural cell injury or invasion of immune cells into the brain.
In contrast, the data from the current study indicate that Fas/
Apo-1 is transiently expressed by neurons and is a candidate cell
suicide regulator in the normal, developing brain.

Within the telencephalon, Fas mRNA and protein were pri-
marily expressed in developing cerebral cortical and hippocampal
neurons. Fas is also expressed in transient neural structures,
including the ventricular epithelium, subplate, and marginal zone
(Luskin and Shatz, 1985; Al-Ghoul and Miller, 1989; Shatz et al.,
1990). Laminar and cellular compartmentalization of Fas expres-
sion coincides with expression of cell death signal transduction
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elements, including caspase-3 and JNK (Krajewski et al., 1997;
Migheli et al., 1997; Chen et al., 1998). FasL was also expressed in
ventricular epithelium and cortical plate. However, expression of
Fas and FasL in vivo may be permissive but not sufficient for cell
suicide induction. Contact between Fas and FasL-expressing cells
is requisite for cell suicide induction. Availability of key Fas-
associated proteins or the presence of inhibitors may also limit
Fas-induced suicide. We were unable to localize the caspase-8
adapter, FADD, to the postnatal, developing brain. In contrast,
others have observed prenatal FADD expression in the develop-
ing mouse brain (Yeh et al.,, 1998), and we observed FADD in
embryonic cortical cultures, suggesting that there may be tempo-
ral regulation of FADD expression. Furthermore, other Fas-
associated adapter proteins, including CRADD/RAIDD (Ah-
mad et al., 1997; Duan and Dixit, 1997) and DAXX (Xiaolu et

DNA is localized to the nuclei ( f, arrowhead). mz,
Marginal zone; cp, cortical plate. Scale bars: a, 60
pm; b, 120 wm; c—e, 12 pm.

al,, 1997), may substitute for FADD in the neonatal cerebral
cortex and signal through either redundant (caspase-2) or alter-
nate (JNK) pathways. CRADD/RAIDD may heterodimerize
with caspase-2 and RIP (Ahmad et al., 1997) to transduce Fas-
death signals. Although RIP was expressed in the postnatal brain,
RIP immunoreactivity was observed in a few fibers, and RIP
mRNA colocalized to only a subset of Fas mRNA-expressing
cells. These observations do not eliminate possible Fas associa-
tions with other unique signaling mechanisms (including nonsui-
cide mechanisms) in the brain. Finally, inhibitors of Fas activa-
tion such as FLIP have recently been described (Irmler et al.,
1997; Srinivasula et al., 1997). Our data indicate that FLIP is
expressed in the developing postnatal cerebral cortex and in
subsets of cultured embryonic Fas-positive cells. Such negative
regulators could have important, as yet undetermined, develop-
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Figure 8. A, Phase-contrast photomicrograph of living dissociated E15 cortical neuroblasts (left panel) indicate that these cells proliferate to form
neuroblast colonies in vitro within 24 hr (right panel ). B, Extensive Fas immunoreactivity was observed in dissociated E15 cortical neuroblasts (left panel ).
Preimmune serum immunohistochemical controls showed no staining (right panel). C1, DI, Low magnification photomicrographs of fixed neuroblast
colonies stained with hemotoxylin and eosin indicate that cultures administered either sFasL or an anti-Fas antibody exhibit significant loss of cell
colonies, relative to controls, whereas the caspase inhibitor ICE;; attenuates Fas-induced cell loss. C2, D2, Graphs represent (Figure legend continues)
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Figure 9.  Western immunoblot blot analysis of 50 ug of soluble protein
from E15 cortical neuroblasts showed that Fas activation by soluble FasL
leads to reduction of Fas protein (lane 2; p < 0.05) as compared with
controls. In contrast, no reduction was seen in cultures administered
sFasL + ICEy (caspase inhibitor) or ICEy; alone (lanes 3, 4). The top
panel represents a sample from a single immunoblot, whereas the bottom
panel represents densitometric analysis of the data. Error bars indicate SE
for each treatment (n = 4).

mental roles in shaping cellular specificity of Fas activation and
suggest that not all Fas-positive cells may undergo cell suicide
normally, during cortical development.

Overall, the spatiotemporal expression of Fas patterns corre-
lates well with apoptosis. Our data indicate distinct prenatal and
postnatal peaks of Fas expression in the cerebral cortex. An
embryonic peak, at E15, corresponds to the tail of cortical pre-
plate genesis (Bayer and Altman, 1991). Postnatal expression
corresponds to the peak apoptotic period in the developing cere-
bral cortex, suggesting that Fas may be a candidate regulator of
developmentally specific cell suicide. Although apoptotic nuclei
were observed in all Fas-expressing regions of the cerebral cortex,
we were unable to colocalize Fas immunoreactivity to apoptotic
cells. One possible explanation is that DNA fragmentation may
be accompanied by a loss of cellular proteins and cell surface
receptors including Fas. The observed reduction of Fas expres-
sion in cortical neuroblasts after activation supports this
hypothesis.

«
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Figure 10.  BrdU incorporation in E15 cortical neuroblasts, assayed at 8.5
hr, was significantly higher (p < 0.05) after Fas activation with anti-Fas
antibody and soluble FasL than controls. The administration of a caspase
inhibitor (ICE,y; ) alone or in conjunction with Fas activators lead to BrdU
incorporation similar to controls. Error bars indicate SE for each treat-
ment (n = 5).

Induction of Fas-mediated neural cell death

Our data indicate that soluble FasL and activating anti-Fas anti-
bodies induced death in embryonic cerebral cortical progenitors.
Concurrent administration of nonselective caspase inhibitors,
particularly ICE,;, attenuated Fas-mediated loss of neuroblasts.
These data are consistent with the notion that Fas induces cell
death by activation of caspase mechanisms (Nagata, 1997). Only
ICE,; attenuated anti-Fas antibody-induced cell loss, whereas all
inhibitors attenuated sFasL-induced cell loss. This differential
effect of ICE inhibitors may be related to their relative efficacies
and bioavailabilities. ICE, (an aldehyde-linked peptide) is a re-
versible inhibitor, whereas ICE,; (an acyloxymethylketone deriv-
ative) is more stable (Thornberry et al., 1992; Walker et al., 1994)
and irreversibly inhibits caspases (Thornberry et al., 1994). The
anti-Fas antibody, although less efficacious than sFasL, may have
exhibited a prolonged bioactivity, attenuatable only by an irre-
versible and more stable ICE inhibitor (ICE,;;), although all
inhibitors attenuated the actions of the soluble ligand.

Although normal embryonic cerebral cortex has low levels of
Fas expression, dissociated E15 cortical cultures expressed Fas
and RIP ubiquitously. Furthermore, subsets of Fas-positive cul-
tured cortical neuroblasts also expressed FADD and FLIP. This
suggests that disruption of local developmental environments
may induce suicide receptor mechanisms. Such context-
dependent expression is consistent with data from other labora-
tories, indicating that Fas is expressed in neural tumors (Tachi-

quantification of changes in cell density after Fas activation. Caspase inhibitors I (ICE;), II (ICEy;), or III (ICEy;;) attenuated sFasL-induced cell loss
(C2). However, only ICE,j; attenuated anti-Fas antibody-induced cell loss (D2). Asterisks (C2, D2) indicate that cell loss in the respective treatment group
was significantly (p < 0.05) different from controls (n = 5). E, Hoechst-stained (dye #33258) neuroblasts administered either sFasL or anti-Fas antibody
exhibited nuclear condensation. In contrast, control cells appeared normal. Scale bars: 4, 5 um; B, 60 um; C1, DI, 190 pm; E, 15 pm.
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Figure 11. A, Western analysis for PCNA in E15 cortical neuroblasts
administered either soluble FasL alone (lane 2), FasL with a caspase
inhibitor (ICE,;;), or ICE;; alone (lanes 3, 4) indicated that there is no
change in PCNA expression associated with Fas activation. The fop panel
(A1) represents a sample immunoblot, whereas the bottom panel (A2)
represents densitometric analysis of the data. Error bars indicate SE for
each treatment (n = 5). B, FACS analysis in E15 cortical neuroblasts
administered soluble FasL confirm that there is no change in cell cycle
associated with Fas activation. The left panel shows a sample FACS
analysis (B1) containing cell cycle peaks G0/G1, S, and G2/M. D repre-
sents debris. The right panel (B2) shows that administration of FasL did
not increase the ratio of cells in cell cycle (G2 + S) to diploid (GO + G1)
cell number (n = 8).

bana et al., 1995; Weller et al.,, 1998) that have presumably
escaped their normal developmental controls.

FADD expression was limited to neuroblast colonies, whereas
Fas was expressed in both single, isolated cells and neuroblast
colonies. Specific localization of FADD to neuroblast colonies
that presumably were the product of cell proliferation suggests
that Fas-associated caspase-8 activation may play some role in
limiting cell proliferation, similar to that described in the immune
system. However, Fas-induced cell loss is not caused by reduction
in cell proliferation per se. To the contrary, activated cells exhibit
caspase-dependent incorporation of BrdU (a DNA replication
marker) before death. However, Fas activation does not lead to a
simultaneous change in expression of the G1-S phase marker
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PCNA or the proportion of cells in G2 and S phase relative to GO
and G1. This suggests that BrdU incorporation is not related to
DNA replication but rather to other mechanisms such as DNA
repair. BrdU incorporation has also been associated with viral
induction of suicide (Belyavskyi et al., 1998) and suggests that
DNA repair mechanisms may be initiated by neural cells after
receipt of death signals.

Although we and others have shown that Fas can be activated
in normal (our data) and tumorigenic (Weller et al., 1998) tissues
of neural origin, Fas (/pr) and FasL ( gld) mutations have not been
reported to express neural phenotypes. However, recent findings
indicate that caspase-3-deficient mice have ectopic cerebral cor-
tical cell masses, suggesting that neural viability is increased by
blocking downstream elements of the Fas pathway (Kuida et al.,
1996). Several factors may explain the apparent lack of neural
phenotype in lpr and gld animals. First, to our knowledge, no
published reports have included a thorough analysis of neural
tissue from these mutations. Second, Ipr appears to be a leaky
mutation (Nagata, 1996), suggesting an incomplete block of Fas
function or an effect on only a subset of signal transduction
pathways induced by Fas activation. Furthermore, some FasL
mRNA expression has been observed in gld mice (Chu et al.,
1995), while activated T-cells from /pr mice can reportedly induce
Fas-mediated target cell death (Ramsdell et al., 1994). There may
also be limited redundancy in cell suicide control mechanisms.
Thus, TNF« induces T-cell death (Zheng et al., 1995), similar to
Fas, and peripheral T-cell deletion does occur in /pr and gld mice
(Zheng et al., 1995), suggesting that other suicide receptors may
assume Fas-related functions. Finally, there may also be tissue-
selective responses to deletion of Fas family members. For exam-
ple, deletion of p75N™™ gene (another member of the TN Fr/Fas
family) leads to increased survival of forebrain cholinergic neu-
rons (Van der Zee et al., 1996). However, such enhanced survival
has not been observed in other p75™TR-expressing regions of the
developing nervous system. Thus, Ipr and gld mice may retain cell
suicide activity because of limited Fas functionality or through
functionally similar receptors.

Fas-mediated signal transduction appears not to be limited to
caspase cascades. For example, in fibroblasts, leukemic
T-lymphocytes and epithelioid carcinomas, Fas activation also
leads to induction of NF-«B (Rensing-Ehl et al., 1995; Ponton et
al., 1996). RIP appears to mediate activation of NF-«B (Hsu et
al., 1996). Our results indicate that Fas activation can also lead to
nuclear translocation of the p65 subunit of NF-«B in neuroblasts.
However, in contrast to the Fas-mediated protease cascade,
NF-«B has been implicated in cell death prevention. For exam-
ple, NF-«B inhibition enhances sensitivity to TN F-induced death
(Beg and Baltimore, 1996; Liu et al., 1996; Van Antwerp et al.,
1996; Wang et al., 1996). Recent evidence also indicates that
NF-«B activation prevents apoptosis in neurons after both oxi-
dative stress (Mattson et al., 1997) and exposure to mutated
presenilin-1 (Guo et al., 1998). Our preliminary data also suggest
that embryonic cortical neuroblasts die after inhibition of NF-«B
activation (Z. Cheema and R. Miranda, unpublished observa-
tions). Thus, responses of neural cells to Fas activation may be
complex, involving initiation of opposing cell death and survival
mechanisms. The temporal predominance of any given mecha-
nism may ultimately determine cell fate.

Western analysis indicates that Fas activation leads to rapid
downregulation of the Fas receptor. The mechanism for Fas
autoregulation is unclear. However, our data indicating that Fas
activates nuclear translocation of NF-«kB and the presence of
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Control sFasL+ICEn

Figure 12. Dissociated embryonic cortical cells were administered sFasL. Cultures were processed for immunofluorescence analysis of p65/RelA (an
NF-«B subunit) expression (al, b1, cl,dl,el, f1) and counterstained with Hoechst dye #33342 to visualize nuclear DNA (a2, b2, c2, d2, e2, f2). NF-kB
in control cultures was limited to the cytoplasm (al, b1, arrowheads). Counterstained nuclei were intact (a2, b2, arrows). Withir after treatment with
sFasL, immunofluorescence for p65/RelA was observed throughout the cell, which now appeared condensed and irregular (cI, arrowhead; dlI).
Furthermore, nuclei of activated cells exhibited a condensed and irregular morphology characteristic of apoptosis (c2, d2, arrows). In panels d1 and d2,
a single apoptotic cell (arrows) is magnified (5X) as an inset. The inset in d1 shows a condensed cell with a dense “V”-shaped N F-«kB immunofluorescence
at the lateral margins of the cell (arrowheads). The inset in d2 (arrowhead) shows that the dense NF-«kB immunofluorescence overlies two condensed
nuclear profiles within that cell. ICE;; partially attenuated nuclear condensation but not nuclear localization of p65/RelA (el, f1, arrowheads). Scale bar,
29 pm.
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NF-«B consensus elements in the Fas promoter (Behrmann et al.,
1994) suggest that Fas may downregulate its own expression in
part, via NF-kB activation. Precedence for such a repressor
function for NF-kB comes from observations that NF-kB down-
regulates glucocorticoid receptor-dependent transcription (Cal-
denhoven et al., 1995). Downregulation of Fas may serve to
render cells refractory to additional death signals.

Immunohistochemical analysis indicates that FasL is expressed
in cortical cells adjacent to those expressing Fas, and Fas-
immunoreactive fibers appear to make contact with FasL-
expressing cells. Data from other laboratories also indicate that
FasL localizes to regions in the brain (French et al., 1996) that
constitute target substrates for Fas-expressing neurons in the
cerebral cortex. In contrast to immune cells, where FasL and Fas
may be coexpressed, a lack of coexpression in the cerebral cortex
may confer selective survival advantages to FasL-expressing cells.
The proximity of Fas-immunoreactive fibers to FasL-expressing
neural cells suggests that FasL-positive cells may kill Fas-positive
cells that make contact. Cellular segregation of Fas and FasL
suggests intercellular interactions may be important for cell sui-
cide induction during cerebral cortical development.
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