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Abstract

Microglia, the resident immune cells of the centnarvous system, are normally
gquiescent but become activated after infectiompry. Their properties then change,
and they promote both repair and damage procedses.extent of microglial
activation is regulated, in part by activation-iodd cell death (AICD). Although
many apoptoticaspects of the microglial AICD mechanism have bekmidated,
little is known about the connection between thi#vation step and the death process.
Using mouse primary microglial cultures, we showattithe ectoenzyme CD38, via its
calcium-mobilizing metabolite cyclic-ADP-ribose (ERR), helps promote
microglial activation and AICD induced by LPS pllENy (LPS/IFNy), suggesting
that CD38 links the two processes. Accordingly, 8Xpression and activity, as
well as intracellular calcium concentration (ftJg in the primary microglia were
increased by LPS/IFNtreatment.Moreover, CD38 deficiency or treatment with
cADPR antagonists conferred partial resistanceR8/LlFNy-induced AICD and also
reduced [C&]i. Microglial activation, indicated by induced exgs®n of nitric-
oxide-synthase-2 mRNA and production of NO, seareand mMRNA expression of
TNFa and IL-12 p40, and expression of IL-6 mMRNA, wateratated by CD38
deficiency or cADPR-antagonist treatment. The ol=greffects of CD38 on
microglial activation is probably mediated via a @RAR-dependent increase in
[Ca™]i, and the effect on AICD by regulation of NO protioie. Our results thus
suggest that CD38 significantly affects regulatimnthe amount and function of
activated microglia, with important consequencesirigury and repair processes in

the brain.



Introduction

Microglia, the resident immune cells of the CNS guiescent in the mature brain
under physiological conditions. Following acuteibrajury microglia migrate to the
damaged sites, where they proliferate and becortieated (1, 2). Activation is
accompanied by morphological changes, up-regula&egression of cell-surface
proteins (e.g. MHC class-Il molecules, CD11b andveager receptors), cytokines
(e.g. TNF, IL-6 and IL-12), chemokines (e.g. CCL12), and pi©duction (3, 4).
Activated microglia can promote both protective ahdrmful effects.
Beneficial effects include removal of cell debrisdamyelin fragments, buffering of
toxic compounds, and secretion of neurotrophins@amokines capable of supporting
survival of injured neurons (5, 6). Microglia canlsa be beneficial in
neurodegenerative diseases, for example by cle@ayloid (7). However, they
can also produce and secrete toxic factors, inetudiNFo and IL-13 and free
radicals such as NO (8-10); accordingly, some asthave postulated that microglial
activation participates in the pathogenesis of dveeurodegenerative diseases,
including Alzheimer's and Parkinson's (11-13). »ated microglia might also be at
least partially responsible for secondary damatgr afaumatic brain injury (14, 15);
thus, their numbers and activity need to be syrictigulated. Indeed, following the
initial rapid increase in activated microglia aftecute brain injury, their numbers
gradually decrease (16, 17). Among the mechanidroaght to help control the
disappearance of activated microglia after braimaige is their elimination via cell
death, termed microglial activation-induced cellttie (AICDY, and observed for
example in animal models of brain damage and milogctivation (18-22).

Consistently with those observations, treatmenthwaigents known to induce



microglial activation, such as LPS and N;hMduces apoptosis in microglial cell lines
and primary cultures (23-26).

Our group and others have characterized the apopgtathways of AICD
induced by LPS and IRN(LPS/IFNy) and demonstrated their mediation via the NO-
promoted(24) Bak/Bax-activated mitochondrial gateway (26§l a&aspase 11 (23).
Although these studies have helped to elucidateARCD mechanismlittle is known
about the relationship between the activation step the death process. Here we
show that CD38, an ectoenzyme that ufeNAD to generate multiple Gk
mobilizing metabolites (27-29), participates in tbdhe activation and the AICD
processes of LPS/IRNreated microglia. The CD38 effects were mediaatdeast in

part, via cyclic ADP-ribose (CADPR).



Materials and Methods

Animals, drugs and reagents
CD38-deficient mice @d38"") (30), backcrossed 12 generations to BALB/cBy mice
(31), were obtained from the Trudeau Institute Bneg Facility (Saranac Lake, NY)
and were maintained in accordance with all appleables and guidelines of the
Animal Care and Use Committee of Tel Aviv Univeysit

Reagents used were purchased from Sigma (St. Lbl@9, unless indicated
otherwise. Mouse IF was purchased from R&D Systems, (Minneapolis, MN);
ryanodine was from Calbiochem (La Jolla, CA); amtitycin D (AMD) was from
ICN Biomedicals (Aurora, OH); Hanks’s buffered satilution (HBSS) was from
Biological Industries (Kibbutz Beit Ha-Emek, IsrgeDMEM, fura-2 AM, and
Pluronic F-127 were from Invitrogen Life Technolegi(Paisley, UK). Nicotinamide
8-bromoadenine dinucleotid¥8-Br-A)D" was prepared as described (32).
Antibodies
Rabbit anti-inducible nitric oxide synthetase (iINQ®lyclonal Abs (#AB1631) were
from Chemicon (Temecula, CA). Rat anti-caspasedlZD9, #C1354) and mouse
anti-B-tubulin monoclonal Abs (#T4026) were purchasednfr8igma (St. Louis,
MO). Phycoerythrin (PE)-conjugated rat anti-CD38IMIR-5, #1635-09), low
endotoxin/azide free rat anti-CD38 (90, #1640-14pnotlonal Abs and low
endotoxin/azide free Rat Iggisotype control Ab (#0117-14) were from Southern
Biotechnology Associates (Birmingham, AL), and Rifjogated rat anti-CD11b
monoclonal Ab (M1/70, 101207) was from Biolegen@r{®iego, CA). Purified rat
lgG2a anti-mouse monoclon@D38 antibody (clone NIM-R5) was produced by the

Trudeau monoclonantibody facility. Secondary Ab F(apfragment mouse anti-rat



lgG (H+L) (#212-006-168) was purchased from JackbomunoResearch, West
Grove, PA.

Cell culture

N9 mouse microglial cell line (33) was maintainadMEM supplemented with 10%
FCS) (Invitrogen). CD3&xpressing (CD38% and non-expressing [empty vector
transfected Ba/F3 cells (CD%§] Ba/F3 cells (34) were cultured in RPMI 1640
supplemented with 10% WEHI-3 supernatant (contginiib-3), 10% FCS, non-
essential amino acids, sodium pyruvate, L-glutapniHEPES,3- mercaptoethanol
and antibiotics. Mouse primary microglia were pireglaas previously described (26),
with minor modifications. Cerebral cortices from tb- 3-day-old neonatal BALB/c
[(wild-type (WT)] and Cd38"~ mice were dissected in ice-cold HBSS, carefully
stripped of their meninges, and digested with 0.2Bgpsin for 10 min at 37°C.
Trypsinization was stopped by addition of an equalume of culture medium
[DMEM, 10% low endotoxin (£0 EU/mI) FCS (Hyclone, Logan, UT), penicillin 100
U/ml and streptomycin 10Qg/ml] to which we added 0.02% deoxyribonuclease 1.
The cells were dispersed into a single cell lewerdpeated pipetting, then pelleted
and re-suspended in culture medium. The cell sissperwas then passed through a
100um pore mesh. Cells were seeded at a density 0080@&ells/ml (equivalent to
62,500 cells/cr) in 6-well, 12-well or 96-well plates and cultured 37°C in
humidified 5% CG-95% air. Medium was replaced every 4-5 days. Tle#ares
(‘'mixed glia’) reached confluence after 7-10 days were used between 15 and 20
days after preparation. Microglia were isolatedrfrihe mixed glia cultures by a mild
trypsinization procedure as previously describe8).(Briefly, treatment of the
confluent mixed glial cultures with trypsin (0.06%&sulted in detachment of an intact

layer of cells containing almost all the astrocydad leaving behind a highly enriched



population of microglia [>98%, as determined by irsteg with fluorescein-
conjugatedGriffonia simplicifolia isolectin B4 (Vector Laboratories, Peterborough,
UK) and by flow cytometric analysis using the PEjogated CD11b Ab (data not
shown)]. The attached microglia were allowed toovec for 24 h and then were
subjected to the different treatments.

Cell viability assays

Primary microglial cultures prepared in 96-well tpla as described above were
treated with LPS (100 ng/ml) and I¥N100 units/ml) (hereafter termed LPS/NN
treatment) for the indicated time periods. In somperiments the cells were
preincubated with 8-Br-cADPR (10@M), ryanodine (30uM), N(8-Br-A)D" (100
UM), cycloheximide [CHX (56100 ng/ml)], or AMD (525 ng/ml) for X2 h prior,

to the addition of LPS/IFi In the cross-linking experiments primary micragivere
cultured in 24-well plates in the absence or presesf anti-CD38 Abs (clone 90 or
NIM-R5) or a rat IgG2a isotype control Ab with orthout 5ug/ml secondary Ab
F(ab". On termination of the experiments, the mediunmfreach well was carefully
collected and replaced with an equal volume ofrfr@edium. Cell viability was then
determined by the 3-(4,5-dimethylthiazol-2-yl)-2iphenyl tetrazolium bromide
(MTT) assay. MTT was added to the new medium aihal ftoncentration of 0.5
mg/ml,followed by incubation at 37°C in a G@cubator. After 2 h the medium was
aspirated and dimethyl sulfate (1@ was added to the wells. Insoluble crystaése
dissolved by mixing and the plates were read ompecBaMax micro-ELISA plate
reader, using a test wavelength of 570 nm andemeete wavelength of 690 nm. Cell
death was assessed by monitoring the release tatdadehydrogenase (LDH) to the
culture medium (which was collected at the endchef@xperiments, see above) using

the CytoTox-Onel Homogeneous Membrane Integrity Assay kit (Promisigalison,



WI) according to the manufacturerisstructions. The LDH signal was read using a
test wavelength of 560 nm and a reference wavdienigb90 nm in a Syner@y HT
Multi-Detection Microplate Reader. The viability tfe Ba/F3 cells was assessed as
previously described (26). Briefly, cells weretphhin 96-well plates (2 x f@ells
per well). After 18 h primary Abs were added to théture medium and the cells
were grown in the presence or absence of the Abadditional 24 h. Then MTT was
added to the culture medium at a final concentnatd 0.5 mg/ml.followed by
incubation at 37°C in a GQOncubator for 2 h. Acid-isopropanol (108 of 0.04 M
HCI in isopropanol) was then added to the wells mandced. The plates were read on a
micro-ELISA reader (SpectraMax microplate readsrjlescribed above.

Nitrite quantification

Nitrite, measured as a reflection of NO productionculture supernatants, was
assayed using modified Griess reagent. In briebhugrmination of the experiment
the culture medium was replaced with an equal velafmew medium, and 50 ul of
the removed medium was mixed with an equal volumé&ress reagent in 96-well
plates and incubated at room temperature for 15 Absorbance at 540 nm was then
measured using a micro-ELISA reader (SpectraMar).ndrmalize the amount of
nitrite measured in each well to the amount ofscphesent in that well, MTT assay
was performedafter the new medium was added to the cultured,calf described
above.

CADPR measurements

WT and Cd38’~ primary microglia were washed twice with ice col®% and
resuspended on ice with 25 mM sodium phosphateebaffpH 7.4, homogenized by
passing through a 23g needle (using the 500 pl®Bewer Gastight Syringe) and

aliquot was removed from each sample to deternfieeptotein content. Perchloric



acid (HCIG) was then added to a final concentration of 0.6rid homogenates were
incubated on ice for 10 min followed by centrifugat (16,000x g, 10 min, 4°C).
Supernatants were transferred to new tubes angHlhadjusted to pH 7 by O3
titration. Homogenates were left on ice for 30 ronenable gas evaporation after
which the samples were then centrifuged (2,8Q§) 5 min, 4°C) to eliminate salts.
Supernatants were collected into new tubes andfkegen until used.

The measurement of cADPR from samples was theonmeedd essentially as already
described for determining cCADPR content of synamtess (36). The contaminating
nucleotides were eliminated by incubation overnigitlaH,PO, at pH 8.0 with a mix
of three nucleotide hydrolytic enzymes (nucleotiggrophosphatase, alkaline
phosphatase and NARlycohydrolase). Then, the conversion of CADPR iNAD*

in the presence of Aplysia ADP-ribosyl cyclase, ahé cycling reaction were
allowed to proceed. Results were compared to stdrstdutions of CADPR analyzed
in the same experimental conditions.

Immunoblot analysis

Total extracts (30ug protein) from each treatment were separated byp%?2
SDS-PAGE and electroblotted onto supported nitlolgele. Each blot was blocked
for 1 h in Tris-buffered saline-Tween-20 (10 mMsThase, 150 mM NaCl and 0.05
% Tween-20) containing 5% fat-free milk, and therubated with a primary
antibody overnight at°€. Washing of membranes three times (10 min eadth) w
Tris-buffered saline-Tween-20 was followed by inatibn for 1 h at room
temperature with the appropriate second antibodgt(@nti-mouse, donkey anti-rat,
or goat anti-rabbit IgG peroxidase conjugate; JackenmunoResearch Laboratories,

West Grove, PA). The blots were developed using $upersignal West Pico
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chemiluminescence kit (Pierce Biotechnology, RoakfdL). Each blot was reprobed
with B-tubulin to verify that protein was uniformly loadl@cross the gel.

Assays of GDP-ribosyl cyclase activity

The ectocellular cyclase activity of CD38 was meadwsing nicotinamide—guanine
dinucleotide (NGD) instead of NAD as a surrogate substrate because the product,
cyclic GDP-ribose (cGDPR), is fluorescent arsl not susceptible to enzymatic
hydrolysis (37). GDP-ribosyl cyclase activity wassayed by incubating NGDwith
intact microglial primary cultures or N9 microglieglls. Microglia grown in 96-well
plates, untreated or treated with LPSAFNr 24 h (primary cultures) or 15 h (N9
cells), were washed once with HBSS and then ineabatth HBSS (100 pl/well) at
37°C. After 20 min, NGD (40 pM) was added to each well and the enzymatic
conversion of NGD to cGDPR was measured fluorometrically by monitgrihe
increase in fluorescence at 420 nm upon excitat@00 nm for 10 min, as described
previously (32).

Flow cytometry

Microglia were cultured in 6-well plates and trehtes indicated. After incubation the
microglia were gently removed from the tissue a@tplates by pipetting, then
centrifuged (700x g, 10 min, 4°C) and incubated (30 min, 4°C) in flowtometry
buffer (PBS containing 1% BSA and 0.05% sodium @gwbntaining PE-conjugated
anti-CD38 (NIM-R5) monoclonal Ab, PE-conjugatediadbl11b monoclonal Ab, or
isotype-matched control Abs. After washing, antigepression on 5,000 live cells
was determined by FACS analysis (FACSort; Bectookibson, Mountain View,

CA) and CellQuest software (Becton Dickinson).
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Gene Expression Profiling

RNA extraction, sample preparation, hybridizatiamd array processingN9 cells
(10° per plate) were washed once with 10 ml of ice d®RS, then lysed with 1
ml/plate of TRIzol reagent (Invitrogen) and RNA wpeepared according to the
manufacturer's instructions. Total RNA from eachmgk was used to prepare
biotinylated target RNA, with minor modificationsrofn the manufacturer's
recommendations. Briefly, 1Qg of total RNA was used to generate first-strand
cDNA by using a T7-linked oligo (dT) primer. Afteecond-strand synthesis,vitro
transcription was performed with biotinylated UTRdaCTP (Enzo Diagnostics),
resulting in approximately 100-fold amplificatioh RNA, which was then processed
as per manufacturer's recommendation using an Adiyimn GeneChip Instrument
System. Briefly, spike controls were added to (i@ fragmented cRNA before
overnight hybridization. Arrays were then washedl atained with streptavidin-
phycoerythrin, before being scanned on an AffymeaBeneChip scanner. Quality and
amount of starting RNA were confirmed using an agargel. Following scanning,
array images were assessed by eye to confirm scafigement and the absence of
significant bubbles or scratches/S3ratios for GAPDH ang-actin were confirmed
to be within acceptable limits range (0.80-0.85 aridi—1.2 respectively), and BioB
spike controls were found to be present on 100%h ®ioC, BioD and CreX also
present in increasing intensity. When scaled tcarget intensity of 150 (using
Affymetrix MAS 5.0 array analysis software), scalifiactors for all arrays were
within acceptable limits (0.85-1.06) as were baokgd, Q values and mean
intensities. All experiments were performed usinffyfetrix Mouse 430A 2.0
oligonucleotide arrays, as described at

http://www.affymetrix. Com/products/arrays/specifiigu74.affx. Genes were filtered
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using Mas 5 algorithm results. A list of 12,827 Iposets of “valid genes”,
representing probe sets with signals higher thararD detected as “present” in at
least one sample was obtained.

Analysis of gene expression da@NA-microarray data were analyzed using the
Expander 3.2 program (38). Data were normalizechgu€uantile normalization,
filtered to include only genes that changed attl@a$old form control (untreated
sample), and standardized (mean O, variation lplysrs yielded a list of 1,153
‘active genes'.

Total RNA isolation, cDNA synthesis and semi-quainte RT-PCR analysis.
Primary microglia were untreated or treated withSHPNy for 10 h. In some
experiments the cells were preincubated for 2 i \8#Br-cADPR (100uM). Total
RNA was isolated using the RNe&yPlus Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. TRISIA (1 pg) was used as template
for DNA synthesis, employing random decamer primera 20-ul reaction volume
using the Reverse-iT 1* Strand Synthesis Kit (ABgene, Epsom, UK) according
the manufacturer's instructions. The cDNA mixtur@swdiluted 1:10 with PCR-grade
water. mRNA expression of the indicated genes wassored using the semi-
guantitative RT-PCR approach. The following primessre used according to the
real-time PCR primer and probe database (39): ©iNBense 5GGC TTT CCG
AAT TCA CTG GAG-3, antisense '8CCC CGG CCT TCC AAA TAA A-3(target
size, 264 bp); IL 12 p40, sense@GGA AGC ACG GCA GCA GAA TA-3 antisense
5-AAC TTG AGG GAG AAG TAG GAA TGG-3 (target size, 180 bp); IL-6, sense
5-GAG GAT ACC ACT CCC AAC AGA CC-3 antisense 'BAAG TGC ATC ATC
GTT GTT CAT ACA-3 (target size, 141 bp); nitric oxide synthase (NSense 5

CAG CTG GGC TGT ACA AAC CTT-3 antisense '5CAT TGG AAG TGA AGC

13



GTT TCG-3 (target size, 95 bp); and GAPDH, sen$€BT GGC CTT CCG TGT
TCC TA-3, antisense '®ATG CCT GCT TCA CCA CCT TCT-3(target size, 107
bp). PCR reactions were carried out using 5 uDMNA. The resulting PCR products,
obtained after 24-26 cycles (in the logarithmic gghaf the PCR reaction) were
resolved on E-G@& Pre-cast Agarose 2% (Invitrogen). The individu@RPproducts
were scanned and their intensity determined (Imagdf). The value of each of the
IL-6, IL-12 p40, TNFx and NOS2 PCR products was then normalized tontieasity

of its corresponding housekeeping gene, the GAPOR Product.
Measurement of TN&rand IL-12 p40 secretion

TNFa and IL-12 p40 secreted into the culture mediumevaamsayed using a Duo®et
ELISA kit (R&D Systems) according to the manufacturenstructions. Primary
microglia grown in 96-well plates (for TN or 24-well plates (for IL-12 p40) were
treated with LPS/IFNfor 24 h. In some experiments, the cells werengrdiated for
2 h with 8-Br-cADPR (100uM) or N(8-Br-A)D" (100 uM) prior to LPS/IFN/
treatment. The culture medium was carefully remdvech each well, centrifuged at
1,000x g (5 min, 4°C), and then kept frozen at —80°C wmgitd. Cytokine quantity in
each well was normalized to either the MTT valueNE®) or the protein

concentration (IL-12 p40) measured in the same.well

Calcium measurements

Intracellular calcium concentrations [€ were monitored using the €asensitive
fluorescent indicator fura-2 AM, as described (4Befly, primary microglial cells
were seeded on 18-mm poly-L-lysine-coated circalarerslips in a 12-well plate.

Prior to treatment with LPS/IRN cells were left untreated or were treated with

LPS/IFNy, in some experiments after preincubation for 2ith\8-Br-cADPR (100
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HMM). After 24 h the cells were loaded with 2.5 pMéait2 AM for 60 min at 37°C (in
a 5% CQ incubator). The fura-2 AM was loaded as a mix{dré in culture medium)
with the mild detergent pluronic F-127 (0.05%; usedacilitate loading of the AM
ester indicator). Measurements were perfornredan external solution (140 mM
NaCl, 3 mM KCI, 2 mM CaGl| 10 mM HEPES, and 2 mg/ml glucose, pH 7.2-7.4,
300-320 mOsm) at room temperature. For excitatidnra-2, cells were illuminated
with two alternating wavelengths, 340 and 380 nmxcitation was performed and
[C&®"]; values calculated from the ratio (R) of fluoreszemecorded at excitation
wavelengths of 340 and at 380 nm. Calibrationsadayversion of R340/380 values
into molar calcium concentrations) were performgd@escribed (41).

Statistical analysis

Data was expressed as mean values + SEM. Stdtistigluation was determined by
two-tailed Student’s t test. A value of p < 0.0asaconsidered to be statistically

significant.
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Results

Macromolecule synthesis as an essential requirefioembicroglial AICD

In some apoptotic systems the death process depergigithesis of macromolecules.
We were therefore interested in examining whethkZDAin microglia is dependent
on RNA or protein synthesis. AICD was induced bynbined treatment with LPS
(100 ng/ml) and IFM (100 units/ml) (LPS/IFN). N9 cells were treated with
LPS/IFNy in the absence or presence of the RNA-synthesibitor AMD or the
protein synthesis inhibitor CHX. Determination ddllcviability by the MTT assay
disclosed that death of the LPS/N-ieated N9 cells was dose-dependently
diminished by both inhibitors (Fig AtB). CHX also inhibited the death of LPS/IizN
treated primary mouse microglia (data not showrnesE results suggested that in
order for microglial AICD to occur, some essentggdne products need to be

synthesized.

DNA-microarray analysis for identification of gentgat are preferentially induced
by LPS/IFN/

In an attempt to identify the genes whose upregdlaxpression is needed for
microglial AICD, we employed the DNA-microarray tewlogy. In a previous study
we showed that treatment of N9 cells with LPS (X@@ml) alone or IFN (100
units/ml) alone did not substantially affect theiability while the combination of
LPS/IFNy induced AICD (26)We therefore prepared total RNA from N9 cells that
had been untreated (control) or treated with LASYJALPS, or IFN for 6 h, a time
point by which the death gene mRNAs had already Isymthesized. This was the

earliest time after LPS/IFNtreatment by which the AMD could not rescue thisce
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from LPS/IFNrinduced death and the cell morphology still appddnealthy (data
not shown).

The global gene-expression profiles in the abovatimeed treatments were
recorded by Affymetrix oligonucleotide microarraySomparative analysis of the
DNA-microarray results from the four different sdegidentified 1,153 probe sets
that were changed by at least twofold in one oraradrthe samples. Of all of these
probe sets only 89 genes were preferentially indumethe LPS/IFN treatment and
only 28 of these genes were induced synergistidallthe combination of LPS/IRN
Among the genes identified by this analysis wllies2 (which encodes the INOS
enzyme that catalyzes NO production) @adpase-1({Fig. 2A). As NO and caspase-
11 are known to be upregulated and to promote miieloAICD by different
pathways (23, 24, 26), it suggested to us thatrageees identified in this analysis

might also be AICD-promoting candidate genes.

CD38 plays an important role in LPS/IFAhduced AICD

One of the 28 genes identified from the DNA micragr analysis as being
synergistically induced by LPS/IFNreatment wasd38 (Fig. ) that encodes the
ecto-enzyme CD38. CD38 catabolizes its substrae) N\ to produce metabolites
(e.g. cADPR) that increase cytosolic’caoncentration. CD38 can also act as a cell-
surface receptor capable of initiating a signahdgcuction cascade and cell death in
immune cells (34, 42-47). Therefore, we suspedtatit might play an important role
also in microglial AICD. To examine this possibilitwe first verified the DNA
microarray results at the protein expression lev#mbrane CD38 expression was
determined by FACS analysis. As shown in Fig, @xd in agreement with the DNA-

microarray results, CD38-protein expression in Biksowas preferentially induced by
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the LPS/IFN treatment relative to treatment with LPS or {FRig. 3 shows that the
LPS/IFNy treatment also induced an increase in membraneBG@&R2Pression in the
primary microglia (1.63-fold induction after 24 land that as expected, CD38-
deficient primary microglia obtained from mice thack CD38 did not express

plasma membrane CD38.

Having verified the DNA microarray results we ne&xdamined the need for
CD38 in microglial AICD. WT andCd38’~ primary microglia were treated with
LPS/IFNy for 24, 48, or 72 h, and the amount of cell demtheach case was
determined by measuring the activity of LDH relehs#o the culture medium. Fig.
4A shows that LPS/IFNtreatment induced a time-course-dependent relelasBH
in both WT andCd38"~ primary microglial cultures, but that the amountL&H
released from the CD38-deficient microglia was safugally and significantly lower
(approximately 50% reduction 72 h after treatm#émdp observed in the WT cultures.
The results were similar when cell death/viabilias assessed by the MTT assay
(Fig.4B). Taken together, these results suggest that CD@8mary microglia are
significantly more resistant than the WT microglia to LPSAFHNduced AICD, and
therefore that CD38 plays an important role in poting this death process.

CD38 was reported to regulate apoptosis in hema&bpaells independently
of its enzymatic activity (34). We therefore exasdnthe effect of cross-linking of
CD38, using anti-CD38 agonist Abs (clone 90 and NRB) (1, 5 and 25 pg/ml), on
primary microglia treated for 72h with or without LPS/IFN. None of these
treatments, however, had any apparent effect omiddity of the cells (Fig. B). To
assess the effectiveness of the cross-linking &iesy ability to induce cell death of

CD38"9and CD38® Ba/F3 cells was examined. As shown-n-Aig. B both clone
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90 and NIM-R5 anti-CD38 Abs induced cell death i/ CD38® but not in
CD38™ Ba/F3 cells (Fig. B) as previously reported (34). Taken together these
results suggest that the effect of CD38 on AICDnad mediated via its receptor
signaling activity but by a different mechanisnm view of the important role of €&
signaling in apoptosis (48), and the role of CDB®ER in intracellular C& levels
regulation, we hypothesized that microglial AICDnediated via CD38-dependent
cADPR. However, it was previously reported that @08 notresponsible for the
production of most, if not all, of CADPR content brain tissues (32, 36).
Therefore, we first tested whether CD38 regulaté®RR content in primary
microglia. WT andCd38"~ primary microglial cultures were treated withoutvaith

LPS/IFNy for 24 h and then the endogenous cADPR contetitddNT andCd387~
primary microglial homogenates were determinedhgydensitive cycling assay (36)

As shown in Fig. &, the cADPR content a8d38"~ primary microglial homogenates,
either untreated or treated with LPS/N;Nvere markedly lower than in WT primary
microglial homogenates (3 and 7 fold reduction eespely). In addition, we
observed that the cADPR content of the microgliallsc was increased in the
LPS/IFNy-treated cells. These results thus suggest the CI338nost likely
responsible for the generation of most cADPR inrogta and thus that CD38-
dependent cADPR might play a role in microglial p@sses. We therefore next
examined whether LPS/IRNnduces an increase in CD8§claseactivity in intact
primary microglia. Cyclase activity was monitoredestrofluorimetrically, using
NGD" as a substrate (NGBibosyl cyclase activity). Fig.[3 shows that treatment of
WT primary microglia with LPS/IFMfor 24 h induced an increase of approximately

5 fold in ectocellular GDP-ribosyl cyclase activitglative to untreated cells. No
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GDP-ribosyl cyclase activity was detected in CD@&diaent primary microglia,

indicating that the induced increase is depender@D38.

To further examine the role of CD38 enzymatic agtiin microglial AICD,
we examined the role of the CD38 metabolite cADRRhis process. WT primary
microglia were treated with LPS/IFNor 48 h in the absence or presence of the
cADPR inhibitors 8-Br-cADPR (a potent cADPR antagonistid N(8-Br-A)D" [an
NAD" analog that can be cyclized by CO88& the cADPR antagonist 8-Br-cADPR
(34)] as well as ryanodine, a cADPR antagonist 60, Fig. 6 shows that all three
compounds inhibited the LPS/IFNhduced AICD to the same extent as CD38

deficiency.

Taken together, these results suggest that CD38lateg the LPS/IFN
induced AICD in primary microglia, and that thidesft is due, at least in part, to the

enzymatic activity of CD38 via its production of DRR.

CD38 is an important player in LPS/IFANnduced NO production

NO and caspase 11 are essential different mediatdtBS/IFNy-induced microglial
AICD (23, 24, 26). We were therefore interestegxamining whether the effect of
CD38 on LPS/IFN-induced AICD in primary microglia is mediated vWaD38-
dependent regulation of NO production, via casgddseexpression, or both.
Examination of the expression of INOS and caspdse-1PS/IFNi-treated microglia
disclosed that iNOS expression induced by LPSYIFINCdA38"~ primary microglia
was markedly lower (by 2.5-fold) than in WT primamyicroglia. The induction of
caspase-11, however, was not affected by CD38 ssiore (Fig. A). These results

thus suggest that CD38 controls microglial AICD gnpmoting NO production (via
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its effect on iINOS) but not on caspase-11 activatibo further assess if and how
CD38 regulates NO production we examined the eftdcCD38 deficiency and
cADPR antagonists as well as agonist anti-CD38 AbsLPS/IFN-induced NO
production. Fig. B shows that NO production was significantly lowerLiPS/IFN/-
treatedCd38"~ primary microglia than in WT primary microglia.gri7C shows that
the cADPR antagonists 8-Br-cADPR and ryanodine tedCD38 substrate analog
N(8-Br-A)D" decreased LPS/IFNnduced NO production in WT primary microglia
to similar extents (~40% inhibition). Importantlihe reduction in NO production
caused by 8-Br-cADPR, ryanodine or N{8-Br-A)D* was similar to that caused by
CD38 deficiency. In contrast to the effect of thAD&®R antagonists on NO
production, the crosslinking of CD38 did not hawvey &ffect on NO production in
either LPS/IFN-untreated or treated WT primary microglia (FiD)7 These results
suggest that in primary microglia CD38 modulateSIIPNy-induced NO production,
and that this effect is mediated, at least in phyt,the C&™-mobilizing cADPR
metabolite. Taken together these results suggastiD38 plays an important role in
the regulation of LPS/IFdinduced NO production and that this effect is ragsti
via regulation of INOS induction. In view of thesesitial role of NO in microglial
AICD, these results further support the suggesttat CD38 regulates AICD by
promoting NO production. To further assess thetigeiahip between NO production
and the effect of CD38 on AICD, we examined thecepsbility of WT andCd38"~
primary microglia to external NO by treating thenthwthe NO donor S-nitroso-N-
acetylpenicillamingSNAP). Fig. E shows that WT an€d38’" primary microglia
exhibited similar susceptibilities to SNAP at adincentrations. This result suggested
that the mechanism underlying the enhanced resistahCd38" cells to AICD is

mediated not by an inhibition of downstream evantdshe NO-induced apoptotic
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pathway but rather by attenuation of NO productibimus, once NO is generated, the

sensitivity ofCd38”~primary microglia to NO is similar to that of theT¢ells.

CD38 is an important mediator of LPS/IfAMduced microglial activation

Apart from its role in microglial AICD, NO producth is an important feature of
microglia activation. In view of our results thatD83/cADPR regulates NO
production and the notion that elevation of inttadar C&* plays a central role in
microglial activation (51-53) we hypothesize thdd38 might act also as a mediator
of microglial activation via a cADPR-dependent gase in [C&]i. To test this
hypothesis we examined whether LPSAFiNcreases [Cd]; and assessed the effects
of CD38 deficiency and the presence of the cADPfgomist 8-Br-cADPR on any
such LPS/IFN-induced increase in [€3;. Fig. 8 shows that the basal level of {ga
in Cd38”~ primary microglia was lower than in WT microglia5(ZI2+ 2.9 nM and
85.25+ 2.19 nM, respectively). Treatment with LPS/NFfor 24 h increased [G;

in the WT but not in theCd38"~ primary microglia. Furthermore, 8-Br-cADPR
completely blocked the LPS/IRNnduced increase in [¢5;.

Taken together, our results show that treatmert WRS/IFNy induced an increase in
[Ca™]; in primary microglia and that this increase wasliaed by the CD38/cADPR
pathway. They therefore suggest that, in additmonst effect on AICD, CD38 might
also participate in the Gadependent microglial activation events induced by
LPS/IFNy. In the next experiments, therefore, we examirtez role of CD38 in
LPS/IFNy-induced microglial activation by assessing the@# of CD38 expression
and cADPR antagonists on such activation. Micrdglietivation was assessed in
terms of the induced expression of TWHAL-12 p40, IL-6, and NOS2 mRNAs, as

determined by semi-quantitative RT-PCR analysis. \&fid Cd38"" primary
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microglia were treated with or without LPS/IFNbr 10 h, and total RNA was then
prepared. Fig. A shows that the expression levels of T\HL-12 p40, IL-6, and
NOS2 mRNAs were lower i€d38” primary microglia than in the WT, and that the
CADPR inhibitor 8-Br-cADPR reduced the amountsleBl NOS2, TNF, and IL-12
p40 (IL-12) mRNAs in LPS/IFptreated WT microglia to approximately the levels
detected in LPS/IF{itreated Cd38 primary microglia. Quantitative analysis (Fig.
9B) of the intensities of each of the different RTHP@roducts normalized to the
intensity of GAPDH in the same treatment from 3-Bfedent independent
experiments confirmed the results of the represestaxperiments shown in FigA9
To further verify the results of the semi-quantitatRT-PCR, we also examined the
effects of CD38 deficiency and the cADPR antagooistthe LPS/IFN-induced
secretion of TNE and IL-12 p40 protein. Fig.®shows that the amounts of TNF
and IL-12 p40 proteins (measured by ELISA) secretttdr 24 h from LPS/IFj
treated Cd387~ primary microglia were significantly lower (by 20%nd 50%,
respectively) than those secreted from WT LPSyHadated primary microglia.
Furthermore, treatment with 8-Br-cADPR, ryanodineN§8-Br-A)D"* reduced the
amounts of LPS/IFfdinduced TNt and IL-12 p40 secretion in WT primary
microglia to about the same levels as those settt€d38 primary microglia. In
contrast, treatment with the cross-liking Abs didt mffect TNFx or IL-12 p40
secretion in LPS/IFMuntreated or treated primary microglia (FigD)9 Taken
together these results show that CD38 deficieneyd aADPR antagonists all
attenuate the induction of key players in micrdgdietivation, and thus suggest that
CD38, via its metabolite cADPR, regulates the LPB¥ signaling that triggers

microglial activation.
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Discussion
Microglial activation plays an important role baththe beneficial and in the harmful
actions of microglia in the CNS. Microglial AICD ane of the processes suggested to
regulate the numbers of microglia that become atgt) after brain derangement. In
the present study we sought to identify the meamanconnecting microglial
activation to AICD. Our experiments with the inlidss of macromolecule synthesis
disclosed that newly synthesized mRNA and protens needed for microglial
AICD. Analysis of a DNA microarray enabled us temiify CD38 as a potential
candidate for mediating microglial AICD. CD38 is antoenzymehat catabolizes
NAD(P) to generate multiple Gamobilizing metabolitesncluding ADPR, cADPR,
and nicotinic acid adenine dinucleotide phosphBi&ADP™) (27, 54, 55). CD38 can
also act as a cell-surface receptor capable ofiimg a signal transduction. Our
results show that CD38, via its metabolite CADPR, ot its receptor activity, plays
an important role in mediating LPS/IFAhduced microglial AICD and activation.
Evidence for the participation of CD38 and cADPRmitroglial activation
and AICD came from the following observations:GIp38 expression and enzymatic
activity were induced in microglia by treatmenthvitPS/IFN,. (ii) CD38 is the main
contributor of cADPR content in both LPS/IFNreated and untreated primary
microglia. (iii) CD38 expression in primary micraglwas found to be needed for
LPS/IFNy-induced increase in [€5; and, at least in part, for induction of various
features of microglial activation, including NOS#uction and NO production, the
MRNA induction and protein secretion of T&Fand IL-12 p40, and IL-6 mMRNA
induction. (iv) CD38-deficient primary microglia were more istant than WT

microglia to LPS/IFN-induced AICD. (v) cADPR antagonists inhibited LABIy-
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induced microglial activation and AICD in WT prinyamicroglia and the extent of
this inhibition was similar to that obtained by C@&eficiency.

The finding that CD38 plays an important role ircroglial activation is in
line with published studies in which CD38 was assitas a key regulator of diverse
biological processes, particularly in hematopoieatalls. Such processes include
response to inflammatory challenges (32, 56), attwn of B, T, and NK cells (57-
60), and Ig isotype switching (61). In addition, 8D was shown to mediate
chemotaxis in response to formyl peptide recepgands such as fMLF in primary
human monocytes and N9 cells (56, 62).

The results showing that CD38 is the main contabwf primary microglia
cADPR content are in line with previous studiesahhshowed that CD38 is the main
ADP-ribosyl-cyclase in bone marrow myeloid cell)X3However, it was reported
that thecADPR content irCd38-/- in adult (32, 36) and newborn (36) brain tissise
nearly equivalent to that of the corresponding Wairb tissues and that CD38-
deficient neural cells exhibit an ADP-ribosyl cysaactivity (36, 63). These results
lead to the suggestion that CD38 may not be themt@DPR producing enzyme in
brain (36). We believe that the likely reason foe discrepancy between our results
and the published findings is that the publishedeexments examined the cADPR
content in total brain tissue, whereas microglélsconly represent a small proportion
(5-12% in different areas of the brain) (64) of tb&l cells in the brain. Thus, some
of the cell types in the brain, such as the neuedls, express the still unknown

cyclase, while other cell types, like microgliallseexpress CD38.

Mechanism whereby CD38 regulates LPS/phduced microglial activation and

AICD
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CD38, viaits metabolite cADPR, regulates Canediated signal transduction by
increasing the amounts intracellular free C& in cells [by promoting C& release
from ryanodine receptor-gated stores and by reiggléine influx of extracellula€a*
(32, 65)]. It thus seems feasible that CD38 mediattDPR-associated LPS/IFN
responses by increasing fa Our results showed that LPS/IFMdeed induces an
increase in [CH]; and that this increase was mediated by CD38 anchétabolite
cADPR. C&" is also an important mediator of the activationL&fS signaling in
primary microglia (51). There is an interesting ikamty between the presently
observed effects of CD38 deficiency and cADPR am&gs on LPS/IFMinduced
primary microglial activation and the previouslypoeeted effect of the G4 chelator
BAPTA (51) on primary microglia activation inducdxy LPS. According to that
report, BAPTA inhibited LPS-induced production o®Nand secretion of TNFand
IL-12 in WT primary microglial cultures.

It should be noted that CD38 produces, in additorcADPR, two other
important C&"-mobilizing metabolites, NAADPand ADPR (27). NAADP induces
Cd" release from intracellular lysosomal stores wherBPR, the major metabolite
produced by CD38, induces €anflux via the transient receptor potential (TRPM2
cation channels (66-68). Our data does not exdluel@ossibility that these additional
metabolites generated by CD38 may also play a iroleegulating microglial cell
activation or AICD. In addition, we cannot excluthe possibility that the loss of
CD38 alters NAD homeostasis (69, 70), which may lead in turrf desregulateti
activity of other NAD-utilizing enzymes such as ecto-ADP-ribosyltransses
(ART) (31) and poly(ADP-ribose) polymerases (PARFhile NAD dysregulation or
production of the other metabolites produced by &D8ight also participate in

LPS/IFNy-mediated microglial activation and AICD, our datiearly indicate that
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CADPR is important in these processes. Furthernmaneexperiments using the CD38
substrate analo@i(8-Br-A)D" also strongly suggested that CD38 mediates effects
through an enzyme-dependent mechanism and not rigtidning as a cell-surface
signaling receptor as reported in hematopoieti¢ts 4, 43). This conclusion is
further supported by our results which show thatpimmary microglia the cross-
linking of CD38 using two different agonist anti-G® Abs did not affect either the
viability of NO production or cytokine secretion hPS/IFNy-treated or untreated
WT microglia.

Our results, point to a regulatory role for CD38 WiPS/IFNy-induced
microglial activation, and are in line with studigeat suggested that cADPR has an
important function in mediating the effects of LPA) and of fMLF (56) in the N9
cell line. In our study, however, the role of CDBBLPS/IFNy-induced microglial
activation was demonstrated directly, and this C2&8ct was shown to occur in
primary microglial cultures. The former finding &f great interest because it is
becoming increasingly evident that microglia do oomstitute a single, uniform cell
population but rather comprise a family of cell2)(7It is therefore of the utmost
importance to study the characteristics of micadddictivation in primary microglial
cultures.

It should be noted that although microglial actimat and AICD were
attenuated by CD38 deficiency and cADPR antagani$ts inhibition was not
complete. With regard to microglial AICD, it is kwa that this process is mediated
by several pathways and molecules (23, 26). CD3Bus one of several molecules
whose induced expression and combined action cabesnin microglial cell death.
Similarly, additional signaling systems beside CI23®PR are likely to participate

in the induction of microglial activation by LPSHK. Indeed, we found that
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CD38/cADPR does not regulate caspase 11 expresaionmportant mediator of
AICD pathway. Furthermore, data from others havanshthat enhancement [iZa

2Y1; alone did not induce NO production @ytokine secretion in primary microglia
(51). Thus, it is clear that the CD38/cADPR-dependsggnaling pathway is only one

of perhaps many pathways that contribute to mieabgktivation and AICD.

Linking microglial activation to AICD
Studies by our group (26) and by other (23, 24)ehsivown that NO is an essential
mediator of LPS/IFN-induced AICD. Our present finding that CD38 proe®mothe
LPS/IFNy-induced production of NO in primary microglia segts that the effect of
CD38 on microglial AICD is mediated via this CD3&diated regulation of INOS
induction and NO production. Thigkelihood is further supported by the observation
that CD38 does not affect caspase-11 expressiso,aal essential step in LPS/N-N
induced AICD (23). Moreover, we did not observe aapstantial differences in the
expression levels of key apoptotic prote{Bsl-x., MCI-1, Bid, Bim caspase-1, and
caspase-7) between CD38-expressing and CD38-ddfjgiBnary microglia (data not
shown). Furthermore, in contrast to the observesistance of CD38-deficient
primary microglia to LPS/IFN these cells were as sensitive as CD38-expressing
microglia to NO donor toxicity and to the well dsdiahed apoptotic trigger
staurosporine (data not shown). Taken togethesgethesults suggest that the lack of
CD38 does not endow the cells with a general @ast&t to apoptosis but rather
confers a specific resistance to LPSAHNduced AICD, probably by reducing the
amount of NO. Our results further suggest that C3& activation to AICD by
controlling the amount of NO that the cells produce

Activated microglia are present in almost all néogecal diseases, where

they may promote both beneficial and harmful e§g@2). Our demonstration of the
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important role of CD38 in microglial activation a®ddCD suggests that CD38, via its
regulatory effect on microglial functions and fateight play an important role in
acute and chronic brain derangements, and hende ntlaaipulation of CD38
expression and/or activity might represent a uséfiire approach for treating
neurological diseases. Towards that aim it willneeessary to extend the present
vitro study to systemsn vivo, and to study microglial activation and brain
susceptibility to injury and inflammation in CD3&ittient mice after various brain

insults. Such studies are currentiyprogress in our laboratory.
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Figure legends

FIGURE 1. Microglial AICD depends on synthesis of macromolesu N9 cells
were treated without or with LPS/IFNNn the absence or presence of the indicated
concentrations of the RNA synthesis inhibitor AMB) (or the protein synthesis
inhibitor CHX (B). Cell viability was determined by the MTT assaydescribed in
Materials and Methods. Survival was assessed imsteof MTT values after
treatment, expressed as a percentage of the MTUEvalithout treatment. Values for
each treatment are expressed as percentages afothesponding control (cells
untreated or treated with the inhibitor). Values # given treatment relative to

inhibitor untreated cells are defined as signiftadhP < 0.05 (Student'stest; n = 3).

FIGURE 2. Nos2, caspase-11 or CD38 expression is prefergniraluced by the
LPS/IFNy treatment; DNA-microarray and protein expressionalgsis. N9 cells were
treated without (control) or with LPS (100 ng/mit)IENy (100 units/ml) or LPS/IFX
(LPS (100 ng/ml) and IFN(100 units/ml). RNA samples and protein extracesen
prepared after 6 and 15 h respectively. The RNA sudgected to gene expression
profiling and the results obtained were analyzeddascribed in Materials and
Methods. The protein extracts were analyzed by imoblotting @) for the
expression of Nos2, and caspase-11, as describdtaierials and Methods. The
immunoblotting results shown are from a represeqgagxperiment for each protein
(one of 3-5 independent experiments). Immunoblditained in at least three
independentexperiments (including the one shown here) werenrseé and the
intensities of the different proteins were assedsedensitometric analysis. Data are

presented as mean values of the intensities oldtaioe each protein after its
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normalization td3-tubulin. The data presented are expressed agtilos of the mean
intensities of caspase-11 and Nos2 in LPS-tredtedy-treated, or control cells to
those of LPS/IFNtreated cells (defined as 1 A.U). Values showihim histograms
are meang SEM (bars) 1t = 3-5). The gene-expression results (obtained fitoen
DNA-microarray analysis) are shown (in parenthesed)ove each of the
corresponding immunoblot results and are expresseceach gene in the same
manner as described for the corresponding protéins. determination of CD38
expression B), N9 cells were treated as described above foh Ind then were
harvested, stained with PE-conjugated anti-CD38 @s-CD38), and analyzed by
flow cytometry as described in Materials and Methdthe results of a representative
experiment for each treatment (one of at leastethnelependent experiments) are
shown in theright panels The empty histogram represents the backgroundirsga
using an isotype-matched control Ab; the filledaarepresents CD38 staining. The
mean fluorescence intensities (MFIs) for the ddfdrtreatments of the (at least) three
experiments were calculated and their mean valermined. Theleft panels
present the quantification of the results of thiregependent experiments (including
the one shown here), expressed as CD38 expresalarsv(as determined by the
MFIs) in the LPS-, IFN-, or LPS/IFN~treated cells relative to CD38 expression
values in the control (defined as 1 A.U.). Valukewn are means SEM (bars) it =
3-4). The gene-expression results (obtained from the DNéroarray analysis) are

shown (in brackets) above each of the corresporftbmgcytometry results.

FIGURE 3. LPS/IFNy induces CD38 expression in primary microglia. UPSk
induces CD38 expression in the plasma membrane. avd Cd38"~ primary

microglial cultures were grown in the absence @spnce of LPS/IFfor 24 h and
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the cells were then harvested, stained with PEugated anti-CD38 Abs (PE-CD38)
and analyzed for CD38 expression by flow cytomeisydescribed in Materials and
Methods. The results of a representative experirff@néach genotype (one of three
independent experiments) are shownAinThe grey filled histogram represents the
background staining obtained with an isotype-matctentrol Ab, the black filled
histogram represents CD38 staining in untreatedt(oh cells, and the empty
histogram represents CD38 staining in LPSAFNated cells. MFIs of the different
treatments in three independent experiments in Wdraglia were calculated and
their mean values determined. The results of thatfication are presented Bhand
are expressed as CD38 expression values (as deeetrby MFIs) in LPS/IFM
treated cells relative to the untreated controfif@el as 1 A.U.). Values shown are

means = SEM (bars) (n = 3); *P < 0.05 comparedtdrol (Student's t-test).

FIGURE 4. CD38 plays an important role in LPS/li#duced microglial AICD.
WT and Cd38"~ primary microglia were untreated (Con, for 24 h)taated with
LPS/IFNy for the indicated time points. Cell viability wahen assessed by
monitoring LDH released to the culture mediuf) or by the MTT assayB)). Cell
death was defined in terms of the LDH activity imetmedium after treatment,
expressed as a percentage of the total LDH actofitthe cells.Values shown are
meanst SEM (bars) i = 3); *P < 0.05 compared to the corresponding treatment in
Cd38’" cells as indicated (Studentgest). The MTT assay and assessment of
survival were performed as described in Fig. 1.vivat was expressed as a
percentage of the MTT values without treatment.uéalshown are meagsSEM
(bars) 6 = 3); *P < 0.05 compared to the corresponding treatment incaIlE as

indicated (Studentistest).
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FIGURE 5. Assessment of CD38 receptor and enzymatic acsviire primary
microglia. A, CD38 cross-linking does not affect the viabildly primary microglia.
WT primary microglia were untreated (Control) agated with LPS/IFMfor 72 h in
absence or presence of the indicated concentratibtiee primary monoclonal Abs:
clone 90 (90) or NIM-R5 anti-CD38 Ab or with isogpcontrol Ab [(rat IgG2a
(IgG)], without ) or with (+) the secondary anti-rat IgG Ab F(ab(B ug/ml). Cell
death was assessed by monitoring LDH releasedthetaulture medium, and was
defined and expressed as described in the legeh)o#.Values shown are meatis
SEM (bars) it = 3). B, CD38 cross-linking induces cell death in CE8%ut not
CD38™ Ba/F3 cells. CD38% and CD38® Ba/F3 cells were stimulated with the
CD38 agonist Abs or isotype control Ab for 24 hll@&bility was assessed by the
MTT assay as described in Materials and Methodsvi&al was defined and
expressedl¢ft pane) as described in the legend of Fig. 4. Values share means
SEM (bars) 16 = 3); *P < 0.05 compared to isotype control treated Ct¥3Ba/F3
cells (Student's-test). Expression of CD38 in the CD38and CD38® Ba/F3 cells
(right panel) Ba/F3 cells were stained and analyzed for CD3&ession by flow
cytometry as described in Fig. 3. The results od@esentative experiment for each
genotype (one of three independent experimentsklaog/n. The empty histogram
represents the background staining (Mock) obtainid an isotype control Ab, the
black filled histogram represents CD38 staininghia CD38™ cells, and the grey
filled histogram represents CD38 staining in CE88a/F3 cellsC, cADPR content
is lower inCd38"~ primary microglia than in WT primary microglia. WahdCd38"~
primary microglia were untreated (Control) or tezhtwith LPS/IFN for 24 h and

then extracts were prepared from the cells and t#dDPR content was determined
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using the cycling assay (as described in the Matand Methods). Values shown are
meanst SEM (bars) it = 4 — 5, for untreated and LPS/l{Hdeated respectively);

< 0.05 compared to the corresponding treatme®id8’ ~cells (Student's-test).

D, LPS/IFNy treatment induces GDP-ribosyl cyclase activity \WMT primary
microglia. WT andCd38"~ primary microglia were grown in the absence (cdhtwo
presence of LPS/IFNfor 24 h, and were then subjected to the GDP-yibogclase
activity assay as described in Materials and Methé@dcumulation of the product,
cGDPR, was measured fluorometrically. Data presefaieWT primarymicroglia are
the fluorescence values obtained after 10 min fexific fluorescence was detected

for Cd38” primarymicroglia). Values shown are meaaSEM (bars) f = 3)

FIGURE 6. The role of cADPR in LPS/IFjNresponses. cCADPR plays an important
role in LPS/IFN~induced microglial AICD. WT and:d38+primary microglia were
untreated or treated-dor 48 h in the absence-)(or presence (+) of the cCADPR
antagonists 8-Br-cADPR (10aM) and ryanodine (3M) or the CD38 substrate
analogN(8-Br-A)D" (100 uM). Cell death was assessed by monitoring LDH sdda
to the culture medium, and was defined and expdeasedescribed in the legend of
Fig. 4. Values shown are meaasSEM (bars) it = 3); *P < 0.05 compared to WT

microglia treated with LPS/IFN(Student's-test).

FIGURE 7. Participation of NO but not caspase 11 in the eéfigic CD38 on
microglial AICD. A, INOS and caspase-11 expression in WT aads’” primary
microglia. Cells were treated without)(or with LPS/IFN (+) for 24 h. Protein

extracts were then prepared, and INOS and casfasgptession were examined by

immunoblot analysis I€¢ft pane). The results shown are from a representative
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experiment (one of three independent experimelmshunoblots obtained from three
independentexperiments (including the one shown here) werenrseé and the
intensities of the different proteins were assedsgdiensitometric analysis. Data
(right pane) are expressed as mean values of the intenshiesed for each protein
after its normalization t@-tubulin, and are shown as the values obtaineccémh
protein in LPS/IFN-treated Cd38"~ microglia relative to LPS/IFjtreated WT
microglia (defined as 1 A.U.)B, C, the effect of CD38 and cADPR on NO
production. WT andCd38" primary microglia were untreated (control) or tesht
with LPS/IFNy for the indicated timesB() or for 24 h in the absence)(or presence
(+) of 8-Br-cADPR (10QuM), ryanodine (3QuM) or N(8-Br-A)D* (100uM) (C). NO
production (Griess reactiognd MTT values were then measured as described in
Material and Methods. Nitrite levels in the mediuof each treatment were
normalized to the number of live cells in that tneant, as determined by MTT assay,
and the results shown B andC are expressed as the normalized nitrite values in
each LPS/IFN treatment relative to the normalized nitrite valwé its corresponding
control [(24 h, untreated or treated with 8-Br-cARPryanodine omM(8-Br-A)D*
alone) (fold increase)]. Values shown are mearSEM (bars) f = 3). *P < 0.05
compared to the corresponding LPS/RKeated Cd38’~ microglia @) or to
LPS/IFNy-treated WT microglia@) (Student's-test).D, CD38 cross-linking does not
affect NO production in LPS/IFNuntreated or treated primary microglia. WT
primary microglia were untreated (Control) or teshtwith LPS/IFN for 24 h in
absence or presence of primary or secondary Alessitbed in the legend of Figh\S
Nitrite levels in the medium of each treatment weoemalized as described Band

C and expressed as the normalized nitrite valuesarh treatment relative to the

normalized nitrite values in primary microglia tree only with LPS/IFN. Values
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shown are means SEM (bars) it = 3).E, WT andCd38 primary microglia exhibit
similar susceptibilities to SNAP toxicity. WT ar@d38’ primary microglia were
treated with the indicated concentrations of the d&ddor SNAP for 24 h, and cell
death was then determined by the LDH assay, asidedadn the legend of Fig.Ad

Values shown are meatisSEM (bars) if = 3).

FIGURE 8. LPS/IFNy induces enhancement in [Ca via the CD38/cADPR
pathway. WT andCd38’" primary microglia were untreated-)( or treated with
LPS/IFNy (+) for 24 h in the absence)(or presence (+) of the CADPR antagonist 8-
Br-cADPR. The cells were loaded with fura-2 AM asscdribed in Material and
Methods. [C&]; levels were determined on the basis of the flummese intensity
ratio (F340/380). Values shown are meansSEM (bars) from 2-3 independent
experimentsr{ = 100-140 cells); P < 0.05 relative to untreated WT cell®? # 0.05

relative to LPS/IFN-treated WT cells.

FIGURE 9. CD38 and cADPR are important players in microgéativation. WT
and Cd387~ primary microglia were grown without) or with (+) LPS/IFN in the
absence~) or presence (+) of 8-Br-cADPR (1QMM), ryanodine (3QuM) or N(8-Br-
A)D" (100uM), as described in Materials and Methods. Semitjtaive RT-PCR
analysis was performed as described in MateriatsMathods. PCR products were
separated on agarose gel electrophoresis andghkisref a representative experiment
(one of 3-5 independent experiments) are showh B, Quantification of the semi-
guantitative RT-PCR results. Intensities of the P@Rducts in the different
independent experiments (including the one shoverpuwneasured and normalized to
GAPDH, as described in Materials and Methods. Resale recorded as the

normalized PCR product intensity value in eachttneait expressed as a percentage
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of the value obtained for the LPS/IFfNreatment. Values shown are meanSEM
(bars) @ = 3-5); * < 0.05 relative to LPS/IFNtreatment. For analysis of TRFand
IL-12 p40 secretion), media were collected and the concentrationsFal and
IL-12 p40 in the media were determined by ELISA,dascribed in Materials and
Methods. Results are expressed as the amounts led BNd 1L-12 p40 released to
the medium, normalized to the number of cells (MaSBay) or protein concentration,
respectively, in the corresponding plates, as destin Materials and Methods. Data
are recorded as the normalized values in the diftetreatments expressed as
percentages of the value obtained for the LPS/IEatment in the WT. Values
shown are means SEM (bars) f = 4); *P < 0.05 relative to LPS/IFitreatment in
the WT. D, CD38 cross-linking does not affect TdFand IL-12 p40 secretion in
LPS/IFNy-untreated or treated primary microglia. WT primamyicroglia were
untreated (Control) or treated with LPS/NFNbr 72 h in absence or presence of
primary or secondary Abs as described in the legéidg 5A. Analysis of TN and
IL-12 p40 secretion and expression of the dataaardescribed €. Values shown

are meang SEM (bars) 1t = 3);
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