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Abstract

The bioactive lipid mediator platelet activating factor (PAF) is
recognized as a key effecter of neuronal apoptosis, yet it is not
clear whether its G-protein coupled receptor (PAFR) initiates
or prevents PAF neurotoxicity. Using PAFR—/- and congenic
wild-type mice, we show that PAF triggers caspase-3/7
activity and neuronal death in PAFR—/— but not PAFR+/+
cerebellar granule neurons. Restoring receptor expression by
recombinant adenoviral infection protected cells from PAF
challenge. Neuronal death was not mediated by nitric oxide or
N-methyl-p-aspartate receptor signaling given that N-nitro-
L-arginine methyl ester and MK-801 did not inhibit PAF-
induced neuronal loss in PAFR—/— neurons. To intervene in
PAFR-independent neurotoxicity, the anti-apoptotic actions of
three structurally distinct PAF antagonists were compared to a

panel of plant and fungal benzoic acid derivatives. We found
that the PAF antagonist BN 52021 but not FR 49175 or CV
3988 inhibited PAFR-independent neurotoxicity. Orsellinic
acid, a fungal-derived benzoic acid, blocked PAF-mediated
neuronal apoptosis without affecting PAFR-mediated neuro-
protection. These findings demonstrate that PAF can trans-
duce apoptotic death in primary neurons independently of its
G-protein coupled receptor, that PAFR activation is neuro-
protective, and that orsellinic acid effectively attenuates
PAFR-independent neuronal apoptosis.
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The platelet activating factor (PAF: 1-O-alkyl-2-acetyl-
sn-glycero-3-phosphocholine) family of glycerophospholi-
pids exerts potent pro-inflammatory and neuromodulatory
effects in the CNS (Prescott et al. 2000). Under normal
physiological conditions, PAF participates in long-term
potentiation associated with learning and memory through
stimulation of its G-protein coupled receptor (PAFR) (Izqui-
erdo et al. 1995; Teather et al. 1998; Kato 1999; Chen et al.
2001). When concentrations are elevated under pathological
conditions, PAF becomes neurotoxic and has been identified
as a key mediator of neuronal death following ischemia,
encephalitis, epileptic seizure, meningitis, and HIV-1 demen-
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tia (Birkle et al. 1998; Perry et al. 1998; Bazan et al. 2002;
Farooqui et al. 2006).

Targeting PAF neurotoxicity is complicated by the fact that
bioactivity can be signaled through both PAFR-dependent
and PAFR-independent pathways. In non-neuronal cells,
PAFR expression exacerbates cell death initiated by etopo-
side and mitomycin C yet protects cells from tumor necrosis
factor o, tumour necrosis factor-related apoptosis inducing
ligand (TRAIL), and extracellular PAF exposure (Southall
et al. 2001; Brewer et al. 2002; Li et al. 2003). PAF also
interacts with intracellular binding sites (Marcheselli et al.
1990; Bratton ef al. 1992; Sapir et al. 1997) initiating
caspase-3-dependent DNA fragmentation in the absence of
PAFR (Bonin et al. 2004). Although cyotoxic signaling can
be reversed by ectopic PAFR expression (Brewer et al.
2002), in neurons, it is not known whether PAF triggers
apoptosis through its G-protein coupled receptor or whether
PAFR activation is neuroprotective.

To address this issue, cerebellar granule cells (CGNs)
cultured from PAFR+/+ and PAFR—/— mice were treated
with apoptotic concentrations of PAF in the absence of serum
PAF-acetylhydrolases (PAF-AHs). Here, we show that PAF
elicits caspase-dependent neuronal apoptosis in the absence
of PAFR, that endogenous PAFR expression protects cells
from PAF neurotoxicity, and that ectopic PAFR expression
confers neuroprotection. To intervene in this death pathway
without affecting PAFR-mediated neuroprotection, we used a
96-well screening approach to identify anti-apoptotic PAF
inhibitors. We found that the non-competitive PAFR antag-
onist BN 52021 but not the PAF inhibitor FR 49175 or the
competitive PAFR antagonist CV 3988 prevented PAF-
induced neuronal apoptosis. Within a panel of naturally
occurring benzoic acids, we identified a novel PAF inhibitor.
Orsellinic acid, a fungal-derived benzoic acid derivative,
selectively blocked PAF-induced neuronal apoptosis without
inhibiting PAFR-mediated neuronal survival. Together, these
data highlight a new anti-apoptotic role for PAFR signaling
and a novel pharmacological means of inhibiting PAF-
induced neuronal apoptosis.

Materials and methods

Reagents

All cell culture reagents were obtained from Invitrogen (Burlington,
ON, Canada) and all chemicals were purchased through Sigma-
Aldrich (St Louis, MO, USA) unless otherwise stated. Pure benzoic
acid derivatives (>95% purity as determined by HPLC analysis) were
obtained from the phytochemical collections of C. Nozzilillo
(University of Ottawa, Canada) and J. T. Arnason (University of
Ottawa, Canada). Cultures were treated with a final concentration of
1 pg/mL based on previous dose-response studies (C. Harris, J. T.
Arnason and S. A. L. Bennett, unpublished data). Cells were also
treated with the N-methyl-p-aspartate (NMDA) receptor antagonist
MK-801 [(+)-5-methyl-10,11- dihydro-5H-dibenzo [a,d] cyclo-
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hepten-5,10-imine maleate, 10 pmol/L], N-nitro-L-arginine methyl
ester (L-NAME, 5 mmol/L; Biomol Research Laboratories, Plymouth
Meeting, PA, USA), or the PAF antagonists/inhibitors BN 52021
(21 pg/mL), FR 49175 (4 pg/mL), and CV 3988 (1 pg/mL) (Biomol
Research Laboratories). Concentrations employed were based on
previous reports (Malipiero ef al. 1999; Brewer et al. 2002; Bonin
et al. 2004; Hou et al. 2006). Benzoic acids and PAF inhibitors were
dissolved in dimethylsulfoxide (DMSO). .-NAME and MK-801 were
dissolved in EtOH. Cells were exposed to a final concentration of
0.1% vehicle. All treatments were performed in serum-free media as
described below.

Congenic PAFR—/— and PAFR+/+ Mice

Breeding pairs of PAFR—/— mice in a hybrid C57BL/6J x 129/01
background (Ishii et al. 1998) were the kind gift of Dr Takao
Shimizu (University of Tokyo, Japan). To insure uniformity in
genetic background, animals were backcrossed to C57BL/6 wild-
type mice (Charles River Laboratories, Senneville, QC, Canada) for
10 generations. Congenic 10th generation PAFR+/+ and PAFR-/—
colonies were established and maintained from PAFR+/— matings.
Animals were genotyped as described by (Nagase et al. 1999).

Primary murine cell culture

Cerebellar granule cells were cultured from post-natal day 7-10
mice as previously described (Cregan et al. 2000). Briefly,
cerebella were dissected, meninges removed, and tissue minced in
ice-cold dissection solution [124 mmol/L NaCl, 5.37 mmol/L KCI,
1 mmol/L NaH,POy, 1.2 mmol/L MgSQO,, 14.5 mmol/L p-glucose,
25 mmol/L HEPES, 3 mg/mL bovine serum albumin (BSA),
pH.7.4]. Tissue was incubated in dissection solution containing
0.5 mg/mL trypsin (Sigma) at 37°C for 18 min. Trypsin was
deactivated by addition of 0.52 mg/mL chicken egg white trypsin
inhibitor and cells were pelleted. Cells were resuspended in
dissection solution containing 0.75 mg/mL. DNase I (Roche,
Mississauga, ON, Canada) and triturated. CaCl, was added to a
final concentration of 15 umol/L. Following centrifugation, cells
were plated in Eagle’s minimum essential medium containing
25 mmol/L glucose, 10% fetal bovine serum, 1% gentamycin,
2 mmol/L r-glutamine, and 20 mmol/L KCl at 37°C in a 5% CO,/
95% air atmosphere. CGNs were seeded at a density of
2 x 10° cells/em® in 96-well plates coated with laminin (20 pg/
mL) and poly-p-lysine (100 mg/mL; Sigma-Aldrich) and main-
tained in this serum-containing media for 72 h before being exposed
to PAF in serum-free media. Cultures were composed >90% neurons
as established by immunocytochemistry (data not shown).

Cell survival assay

PAF (1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine; Biomol
Research Laboratories) and lyso-PAF (1-O-hexadecyl-sn-glycero-3-
phosphocholine; Biomol Research Laboratories) were dissolved in
treatment media (Eagle’s minimum essential medium containing
25 mmol/L glucose, 0.025% BSA, 1% gentamycin, 2 mmol/L L-
glutamine, and 20 mmol/L KCI). CGNs were treated for 24 h with
1 umol/L’ PAF, 1 pmol/L Iyso-PAF or vehicle (treatment media
alone). Note that all treatments were performed in serum-free media
containing 0.025% BSA to ensure that cultures were not exposed to
plasma PAF-AH. Where treatment with L-NAME, MK-801, test
compounds, or respective vehicles (0.1%) are indicated, cultures
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were pre-treated for 15 min prior to addition of PAF. CGN survival
was assessed by Live/Dead viability/cytotoxicity assay (Invitrogen).
Viable cells were identified by the enzymatic conversion by
intracellular esterases of non-fluorescent calcein-AM to fluorescent
calcein. Dead cells were identified by uptake of ethidium homodi-
mer (ET) as a result of loss of membrane integrity. Cells were
imaged using a DMIR epifluorescent inverted microscope (Leica,
Richmond Hill, ON, Canada) equipped with a QICAM digital
camera (Quorum Technologies, Guelph, ON, Canada) and captured
using OpenLab software v5.05 (Improvision, Lexington, MA,
USA). Percent survival was calculated as viable cell

s ot + . . .

number{caleein’ —caleein /ET7) pp o number of viable cells in vehicle
. int __aaleaint +

Control(cdlcem calcein®™ /ET™) % 100.

Recombinant adenovirus infection

Recombinant pADTrack-CMV adenoviral vectors carrying a 1 kb
Flag-tagged human PAFR cDNA excised from pCDM8PAFR (Kunz
et al. 1992) kindly providing by Dr Norma Gerard (Harvard
Medical School, USA) and enhanced green fluorescent protein
(EGFP) under separate cytomegalovirus promoters were prepared
using the AdEasy adenoviral vector system (QBiogene Inc., Irvine,
CA, USA) and titered as we have described previously (Huang et al.
2005). Control adenovirus contained EGFP only. Recombinant
adenoviruses were added to cell suspensions at the time of plating.
All experiments were performed at a multiplicity of infection of
100 pfu/cells. Efficiency of infection of both vectors was compar-
able as established by counting EGFP* cells immediately before
treatment. Cell survival in serum-free media following PAF
(1 umol/L) treatment was calculated as EGFP" cell number
following treatment/mean EGFP* cell number in the vehicle
control x 100.

Screening assay for PAF inhibitors

PC12-AC cells, a clonal derivative of the PC12 pheochromocytoma
cell line derived in our laboratory, were cultured in Roswell Park
Memorial Institute 1640 medium supplemented with 10% horse
serum and 5% newborn calf serum and maintained at 37°C and 5%
atmospheric CO, and seeded in 96-well plates (1.25 x 10* cells/
well) for treatment. After plating, cells were treated for 24 h with
PAF (1 pumol/L, 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine)
or PAF vehicle (0.1% EtOH) in the presence of each benzoic acid
(1 pg/mL), PAF antagonist, or treatment compound vehicle (0.1%

DMSO) in Roswell Park Memorial Institute 1640 medium supple-
mented with 0.025% BSA. All treatments were carried out in serum-
free media. Negative controls included cultures incubated in
treatment media only. WST (Roche Diagnostics) was added to each
well at the end of the treatment period and incubated for 60 min
before spectrophotometric analysis at 420 nm (formazan) and at
620 nm (reference). Cultures were blanked against cell-free treat-
ment media incubated for the same period of time. Cell number per
well was calculated from standard curves derived from wells
containing known cell density. Percent viability was calculated as
cell number(treament weldsmean cell number(vehicle controb s 100,

Caspase activation

Executioner caspase activation in CGNs was determined using
CaspaTag (caspase-3/7) assay (Chemicon, Temecula, CA, USA).
CGNs capable of cleaving FAM-DEVD-FMK to its fluorescent
product were scored as positive and reported as a percentage of total
cell number after a 24 h treatment with PAF (1 pmol/L) or vehicle
(treatment media). Cells were imaged using a DMIR epifluorescent
inverted microscope (Leica) equipped with a QICAM digital camera
(Quorum Technologies) and captured using OpenLab software
v5.05 (Improvision). Activation was confirmed by western analysis.
Proteins were isolated in radioimmunoprecipitation buffer
(10 mmol/L phosphate-buffered saline, 1% nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 30 pl/mL
aprotinin, 10 pl/mL. Na orthovanadate, 10 ul/mL phenylmethyl-
sulfonyl fluoride, and 1 pl/mL NaF). Protein samples (30 pg)
were separated by SDS-PAGE under reducing conditions.
Western analyses were performed using monoclonal anti-poly(ADP
ribose) polymerase (PARP) (1 : 10 000, Clonetec, Mountain View,
CA, USA) and monoclonal anti-actin (1 : 1000, Sigma). Secondary
antibodies were horseradish peroxidase-conjugated anti-mouse
IgG (1 :2000, Jackson Immunolabs, Westgrove, PA, USA).
Immunoreactive bands were visualized using SuperSignal West
Pico (MJS BioLynx Inc., Brockville, ON, Canada).

Statistical analysis

Data were analyzed using one-way factorial ANOva tests followed by
post hoc Dunnett’s t-tests or unpaired Student’s #-tests, as applicable.
p-values under 0.05 were considered statistically significant (shown
as *); p-values under 0.01 were considered highly significant
(shown as **).

Common name IUPAC name

Table 1 Names and molecular weights of
benzoic acids screened for PAF inhibitor
activity

Molecular
Weight

Salicylic acid
3-Hydroxybenzoic acid
Resorcyclic acid

2-Hydroxybenzoic acid
3-Hydroxybenzoic acid
2,4-Dihydroxybenzoic acid

Gentisic acid 2,5-Dihydroxybenzoic acid
Protocatechuic acid 3,4-Dihydroxybenzoic acid

Vanillic acid 4-Hydroxy-3-methoxybenzoic acid
Orsellinic acid 4,6-Dihydroxy-2-methylbenzoic acid
Gallic acid 3,4,5-Trihydroxybenzoic acid

Veratric acid 3,4-Dimethoxybenzoic acid

Syringic acid 4-Hydroxy-3,5-dimethoxybenzoic acid

m-Digallic acid

138.1
138.1
154.1
154.1
154.1
168.2
168.2
170.1
182.2
198.2

3,4-Dihydroxy-5-[(3,4,5-trihydroxy-benzoyl)oxy]benzoic acid 322.2
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Results

PAF triggers neuronal apoptosis in the absence of PAFR
To evaluate the role PAFR in PAF-mediated neuronal cell
death, primary CGN cultures derived from PAFR+/+ and
PAFR—/— mice were treated with 1 pmol/L PAF in treatment
media devoid of serum. Cell survival was assessed by Live/
Dead assay. PAFR+/+ neuronal viability was not affected by
24 h of PAF treatment (Fig. 1a and c). In PAFR—/- neurons,
PAF reduced cell survival by 40% compared to vehicle
controls (Fig. 1c and d). To establish PAF specificity, CGNs
were treated with the immediate PAF metabolite, /yso-PAF.
Lyso-PAF (1 pmol/L) did not alter PAFR+/+ or PAFR—/—
neuronal viability demonstrating that PAF and not its
metabolite was responsible for the observed effects
(Fig. 1). In complementary gain of function studies,
PAFR—/— CGNs were infected with a recombinant adeno-
viral vector expressing EGFP or EGFP and PAFR. PAF
significantly reduced survival of EGFP*/PAFR-/— cells
(Fig. 2a and c) whereas ectopic expression of PAFR inhibited
PAF-induced cell death (Fig. 2b and d). To establish whether
PAF triggers apoptosis in null-mutant neurons, caspase 3/7
activity was evaluated. In PAFR+/+ neurons, the percentage
of cells exhibiting activated caspase-3/7 was minimal and the
basal rate of DEVD substrate cleavage was comparable

(@)

Vehicle |

Fig. 1 PAF but not its immediate meta-
bolite lyso-PAF triggers cell death in neu-
rons that do not express PAFR. CGNs PAF |
derived from PAFR+/+ and PAFR—/— mice
were treated for 24 h with vehicle (serum-
free treatment media), PAF (1 umol/L) or
lyso-PAF (1 pmol/L). Cell survival was
assessed by Live/Dead staining. (a)
PAFR+/+ CGNs were capable of cleaving
calcein-AM to its fluorescent product (green
cells) without loss of membrane integrity
(red cells) following PAF, lyso-PAF, or
vehicle treatment. (b) Cell viability was
compromised in PAFR—/— cultures treated

lyso-PAF

(b) g :

Vehicle

with PAF but not vehicle or lyso-PAF. Scale [ T

bars, 10 um. (c, d) Quantification of neur-
onal survival by Live/Dead assay. PAF but

not lyso-PAF elicited significant cell loss in

PAFR—/- cultures without altering survival

of PAFR+/+ cultures (*p < 0.05, ANOVA, post

hoc Dunnett’s ttest, n= 10-15 fields per . iy
condition performed over triplicate experi- lyso-PAF

ments). Data are reported as mean + SE.
Scale bars, 20 um.

© 2007 The Authors

.1-.
v

PAFR"-

<

PAF|

Orsellinic acid inhibits PAF neurotoxicity 91

between vehicle and PAF treatment (Fig. 3a and c). By
contrast, in PAFR—/— neurons, a significant increase in
caspase activation was observed after 24 h exposure to PAF
(Fig. 3b and d).

Platelet activating factor-induced cortical neuron death has
been reported to involve nitric oxide (NO) pathways and
glutamate excitotoxicity (Xu and Tao 2004). To determine
whether these mechanisms underlie PAFR-independent
apoptosis in CGNs, PAFR—/— neurons were exposed to
PAF (1 pmol/L) in the presence of the NO synthase inhibitor
L-NAME (5 mmol/L) or the NMDA receptor antagonist
MK-801 (10 pmol/L). These concentrations have been
shown previously to inhibit NO and glutamate toxicity in
primary CGNs (Malipiero et al. 1999; Hou et al. 2006). We
found no effect of either inhibitor on PAF-induced toxicity,
suggesting that these pathways are not activated by PAF in
neurons lacking PAFR (Fig. 4).

Screening plant and fungal metabolites for inhibitors of
PAF-mediated apoptosis

To identify novel compounds capable of inhibiting PAFR-
independent neuronal apoptosis, test compounds were selec-
ted from a larger library of ~100 natural products, pure
phenolics, and fungal extracts (Martineau et al. 2006; Spoor
et al. 2006). Compounds were prioritized based on previously
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published studies demonstrating that (i) benzoic acid deriva-
tives can alter PAF catabolism and thereby PAF-mediated
biological activity and (ii) PAF-like lipids play a role in
etoposide-induced apoptosis (Hattori et al. 1995; Huh et al.
1998; Southall et al. 2001; Li et al. 2003; Bonin et al. 2004).
Based on this evidence, we prioritized 10 benzoic acid
derivatives (Table 1) present in our library that enhanced
PC12-AC cell viability following etoposide challenge (C. T.
Harris, J. T. Arnason and S. A. L. Bennett, unpublished data).
These compounds were screened for anti-PAF activity using
the PAF-sensitive PC12-AC cell line (Brewer et al. 2002;
Bonin et al. 2004). As positive controls, the non-competitive
PAF antagonist ginkgolide B (BN 52021) and the fungal
derivative, bis(methylthio)gliotoxin (FR 49175) (Brewer et al.
2002; Bonin et al. 2004) were included. As a negative control,
we used the competitive PAF antagonist CV 3988 previously
shown to block PAFR-dependent but not PAFR-independent
PAF signaling in non-neuronal cells (Brewer et al. 2002).
The effects of test compounds on cell viability were
established by mitochondrial dehydrogenase cleavage of the
formazan dye WST. As expected, both BN 52021 and FR
49175 inhibited PAF-induced death without altering the
viability of vehicle-treated cultures (Fig. 5a and b). CV 3988
had no significant effect on cell viability in the presence or
absence of PAF (Fig. 5a and b). Five benzoic acids (gentisic
acid, veratric acid, gallic acid, syringic acid, and salicylic
acid) increased viable cell number in both vehicle- and PAF-
treated cultures (Fig. 5a and b) likely indicative of mitogenic
effects in growth factor-deprived treatment media. Two
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B Vehicle

Fig. 2 PAFR expression protects PAFR-/—
@ PAF

neurons from PAF-induced death. PAFR—/—
CGNs were infected with recombinant
adenovirus containing EGFP (a, c) or EGFP
and PAFR (b, d). The number of EGFP*
cells in both cultures was comparable prior
to treatment indicating equivalent infection
efficiency. (a, b) Cultures were treated with
vehicle or PAF (1 umol/L) for 24 hin serum-
free treatment media. The number of
EGFP* neurons were reduced in cultures
infected with the EGFP control adenovirus
(a) but not EGFP + PAFR (b). (c,d) In
quantitative analyses, neuronal survival
was expressed as percentage of the total
number of EGFP* cells present in vehicle
controls. Note that significant loss of EGFP*
cells was detected in control cultures
whereas PAFR expression protected
PAFR-/- CGNs from PAF-induced death
(**p < 0.01, Student ttest, n = 5-10 fields
per condition performed over duplicate
- experiments). Data are reported as
mean + SE. Scale bars, 20 um.

EGFP

Il Vehicle
[ PAF

EGFP + PAFR

benzoates (resorcyclic acid and m-digallic acid) decreased
viable cell number in vehicle-treated cultures (Fig. 5a).
Interestingly, both compounds significantly increased viable
cell number in PAF-treated cultures (Fig. 5b). Of the benzoic
acids tested, only orsellinic acid significantly inhibited PAF-
mediated death without affecting viability of vehicle-treated
cells (Fig. 5a and b).

We next assessed the ability of orsellinic acid, BN 52021,
FR 49175, and CV 3988 to inhibit PAF-induced caspase 3/7
activity. PAF-induced caspase 3/7 activity, denoted by
appearance of the 85 kDa PARP cleavage fragment by
western analysis, was reduced by BN 52021, FR 49175, and
orsellinic acid but not CV 3988 (Fig. 5c¢).

Orsellinic acid inhibits PAF-mediated neuronal apoptosis
PC12-AC cells are tumor derived pheochromocytoma cells
that can be differentiated to a peripheral nervous system
neuronal phenotype. As such, their responses may not
accurately reflect post-mitotic terminally differentiated
neurons of the CNS. To establish whether the PAF inhibitors
identified in our screen block PAF-induced apoptosis in CNS
neurons without impacting on PAFR-mediated neuroprotec-
tion, PAFR+/+ and PAFR—/— CGNs were treated with vehicle
(treatment media) or PAF (1 umol/L) in the presence or
absence of CV 3988 (1 pg/mL), BN 52021 (21 pg/mL), FR
49175 (4 pg/mL), or orsellinic acid (1 pg/mL) (Fig. 6). Cell
survival was assessed by Live/Dead assay. BN 52021, FR
49175, CV 3988, and orsellinic acid had no effect on PAFR+/+
neurons treated with vehicle or PAF indicating that these
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Fig. 3 PAF induces a caspase 3/7-dependent apoptotic pathway in
PAFR-/- neurons. PAFR+/+ and PAFR—/— CGNs were treated with
vehicle or PAF (1 umol/L) for 24 h in serum-free media. (a, b) Acti-
vated caspase 3/7 was identified by the cleavage of FAM-DEVD-FMK
to its fluorescent product. Photomicrographs depict overlays of
cleaved FAM-DEVD-FMK and phase images. Note the condensed
pyknotic neurons in PAFR—/— treated cultures exhibiting caspase 3/7

[l Control
EPAF

100

& 8 8
I L I

Survival (% vehicle control)
3
1

o
!

L-NAME

MK 801

Vehicle

Fig. 4 PAFR-/- neurons are not protected by NO synthase inhibition
or NMDA receptor blockade. Cell viability was assessed by Live/Dead
viability/cytotoxicity kit. The effect of L-NAME (5 mmol/L) and MK-801
(10 pmol/L) on PAFR-/- survival was determined in the presence and
absence of vehicle or PAF in serum-free media (**p < 0.01 relative to
EtOH control, post hoc Dunnett’s ttest, n=6). Data represent
mean + SE.

compounds will likely not impede PAFR-mediated neuropro-
tection (Fig. 6a). Likewise, test compounds had no effect on
the viability of vehicle-treated PAFR—/— CGNs (Fig. 6b).
Only BN 52021 and orsellinic acid increased neuronal survival
(Fig. 6b) and inhibited caspase 3/7 activation following
treatment of PAFR—/— cultures with PAF (Fig. 6c¢).
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activity (arrows). Scale bars, 20 pym. Data were expressed as per-
centage activated caspase 3/7 positive cells relative to the total cell
number per field. (a, ¢) PAFR+/+ CGNs show no change in caspase 3/
7 activation as a result of PAF treatment whereas (b, d) PAFR-/-
CGNs show a significant increase in caspase 3/7 activity relative to
vehicle-treated controls (**p < 0.01, Student’s t-test, n = 6 performed
over duplicate experiments). Data are reported as mean + SE.

Discussion

In this study, we show for the first time that PAF triggers
PAFR-independent caspase-dependent apoptosis in primary
neurons. This toxic response was specific to PAF and not its
immediate or subsequent metabolites as lyso-PAF did not
initiate death. Interestingly, we found that PAFR-independent
death does not involve NO or NMDA receptor signaling
pathways. Neither L-NAME nor MK-801 protected
PAFR—/— CGNs from PAF. These results are consistent
with previous reports that NO production depends upon
PAFR activation (Han ef al. 2006; Santiago et al. 2006).
Furthermore, we demonstrate that expression of the PAF G-
protein coupled receptor can elicit neuroprotection and
inhibit PAF-mediated cell death. To intervene in PAFR-
independent apoptosis, we identified a benzoic acid deriv-
ative, orsellinic acid, and a non-competitive PAF antagonist,
BN 52021, capable of reducing PAF neurotoxicity in
PAFR—/- neurons without impacting upon the neuroprotec-
tion provided by PAFR expression.

The significance of these findings lies in converging
evidence that PAF plays a key role in transducing neuronal
death in multiple neurodegenerative conditions (Birkle et al.
1998; Perry et al. 1998; Bazan et al. 2002; Bate et al.
2004a,b; Farooqui et al. 2006), yet therapeutic strategies
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targeting PAF signaling have met with limited success (Le
Bars et al. 1997, 2000; van Dongen et al. 2000; Wettstein
2000). In rodent brain, PAFR is primarily expressed by
activated microglia with neuronal expression restricted to
subpopulations of cells in the hippocampus, notably the CA3
pyramidal cell field, cortex, and cerebellum (Mori et al
1996, 1997; Bennett et al. 1998). Earlier studies have hinted
at the possibility that PAFR-independent signaling pathways
may participate in neuronal loss in regions where PAFR is
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not detected. For example, striatal neurons synthesize and
bind PAF following ischemic insult (Domingo et al. 1994)
yet express little to no PAFR mRNA (Mori et al. 1996).
Here, we show that PAF triggers executioner caspase
activation in PAFR—/— neurons providing conclusive evi-
dence that PAF does not require its G-protein coupled
receptor to initiate neuronal apoptosis. Moreover, we show
that PAFR expression protects neurons from pathological
PAF challenge. These data provide possible insight into why
subpopulations of neurons, such as PAFR-expressing CA3
pyramidal neurons, are spared following ischemic insult
(Cronberg et al. 2005). These findings also highlight the
need to identify reagents that inhibit PAFR-independent
apoptosis without impacting upon PAFR neuroprotection in
injured brain.

To this end, our comparison of known PAF inhibitors
demonstrates significant differences in their efficacies
between cell types that could impact on potential in vivo
use. First, we found that the PAF antagonist CV 3988 does
not protect cells from PAF challenge in the absence of PAFR.
Thus, it is likely that not all PAF antagonists will prove
useful in inhibiting PAF-induced neuronal loss. Second, FR
49175, BN 52021, and orsellinic acid were found to protect
PCI12-AC cells from PAF challenge but, in this study, only
BN 52021 and orsellinic acid inhibited PAFR-independent
apoptosis in primary neurons. We have previously demon-
strated that the ginkgolide BN 52021 and the fungal
metabolite derivative FR 49175 accelerate PAF catabolism
in PC12-AC cells (Bonin et al. 2004). Both compounds
inhibit expression of the o catalytic subunit of PAF-AH I
complex thereby promoting dimerization of the o, subunit

Fig. 5 Orsellinic acid, BN 52021, and FR 49175 protect PC12-AC
cells from PAF-induced apoptosis without altering viability of vehicle-
treated cells. Viable cell number was quantified by WST assay and
standardized to wells of known cell densities after a 24 h treatment
with vehicle (a) or PAF (b) and test compounds. Benzoic acids (a,
white bars; b, grey bars), BN 52021, FR 49175, and CV 3988 (black
bars) were tested in serum-free media at 1, 21, 4, and 1 pg/mL,
respectively, previously shown to elicit maximal biological activity.
(a) Toxic (<100% viability) and proliferative (>100% viability) activities
were established by comparing the effects of test compounds
on vehicle-treated controls. (*p < 0.05, **p < 0.01 relative to
EtOH + DMSO (dashed line), post hoc Dunnett's ttest, n = 10-20.)
(b) Effect of test compounds on PAF-induced PC12-AC cell loss.
PAF + DMSO elicited significant loss in viable cell number compared
to EtOH + DMSO treatment [#, p < 0.05 in (b) relative to vehicle-
treated controls in (a), Student’s t-test n = 10-20]. Only the positive
controls (BN 52021 and FR 49175) and orsellinic acid significantly
inhibited PAF-induced toxicity without altering viability of vehicle-
treated cultures [*p < 0.05, **p < 0.01 relative to PAF + DMSO (da-
shed line), post hoc Dunnett’s t-test, n = 10-20]. (c) Orsellinic acid, BN
52021, and FR 49175, but not CV 3988 prevented caspase 3/7
cleavage of PARP induced by PAF.
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Fig. 6 Orsellinic acid and BN 52021 protect PAFR—/— neurons from
PAF toxicity without perturbing PAFR-mediated neuroprotection. Cell
viability was assessed by Live/Dead viability/cytotoxicity kit. The effect
of orsellinic acid (1 png/mL), BN 52021 (21 pg/mL), FR 49175 (4 ng/
mL), and CV 3988 (1 pg/mL) on (a) PAFR+/+ and (b) PAFR-/—
survival was determined in the presence and absence of vehicle or
PAF in serum-free media. (c) PAF-induced executioner caspase
activation was determined in PAFR—/— CGNs. Note that orsellinic acid
and BN 52021 inhibited PAF-induced neuronal loss as indicated by an
increase in the number of calcein™ viable cells (b) and a reduction in
the number of caspase 3/7* cells (c) in PAFR—/— cultures without
perturbing PAFR-mediated neuroprotection in PAFR+/+ cultures (a)
(*p < 0.05, **p < 0.01 relative to DMSO control, post hoc Dunnett’s
ttest, n = 5-8). Data represent mean + SE.

(Bonin et al. 2004). Here, we show that this mechanism
likely does not impact upon neuronal PAF catabolism. In
embryonic brain, as in undifferentiated PC12-AC cells, PAF-
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AHTa, is expressed at higher levels than PAF-AH I o, (Manya
et al. 1998; Bonin et al. 2004). Transiently reducing o; protein
levels is sufficient to promote o, homodimerization. In mature
brain, PAF-AH o, predominates over PAF-AH o, (Manya
et al. 1998). Consequently, any pharmacological reduction in
PAF-AH o, expression is unlikely to enhance formation of the
anti-apoptotic o/0, homodimer. Thus, we predict that FR
49175 will not prove effective in strategies targeting adult
neurons in vivo but may protect embryonic brain from
pathological exposure to PAF. Third, BN 52021 has been
shown to bind two distinct PAF intracellular sites as well as
acting as a non-competitive inhibitor of PAFR and promoting
PAF-AH 1 o,/0, homodimer formation (Marcheselli et al.
1990; Bonin et al. 2004). The finding that BN 52021 but not
FR 49175 blocks neuronal apoptosis suggests that PAFR-
independent apoptosis may be initiated by one of these
intracellular binding sites. The presence of these sites in CGNs
is consistent with evidence that subtoxic concentrations of a
non-metabolizable PAF analog alters neuronal migration in
PAFR—/— CGNs (Tokuoka et al. 2003).

We also characterized a novel PAF inhibitor identified
from a panel of benzoic acid derivatives produced by
plants and fungi. We found that orsellinic acid selectively
inhibits PAFR-independent death in neurons without alter-
ing PAFR-neuroprotection following PAF challenge.
Orsellinic acid (2-methyl-4,6-dihydroxybenzoic acid) is a
fungal metabolite structurally similar to the known anti-
inflammatory compound acetylsalicylic acid (aspirin).
While we have yet to identify the mechanism through
which this benzoate elicits its biological effects, previous
studies have shown that other benzoate family members
modulate PAF catabolism (Hattori et al. 1995; Huh et al.
1998; Bonin et al. 2004; Zhu et al. 2004).

In summary, these data highlight a novel PAFR-independ-
ent pathway leading to caspase-dependent apoptosis in
primary neurons following PAF challenge and identify two
natural health product inhibitors, orsellinic acid, and BN
52021, capable of intervening in this pathway. These findings
provide a pharmacological means of differentially targeting
distinct PAFR-dependent and independent pathways that can
be used to further elucidate underlying mechanisms of
neurotoxicity and neuroprotection in PAF-associated disease.
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