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Non-steroidal anti-inflammatory drugs mediate increased in
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Abstract

Epidemiological studies have shown that use of nonsteroidal anti-inflammatory drugs (NSAIDs) by the elderly is associated with a
decreased relative risk and a delayed onset of Alzheimer's disease (AD). In contrast, the apolipoprotein E (apoE) gene has proven to
be a risk factor for AD with apoE €4 AD patients having been found to show lower levels of brain apoE. In the present study, treat-
ment of primary rat mixed glial cell cultures with the common NSAIDs, indomethacin and aspirin, induced significant increases in
extracellular apoE protein levels. Similarly, treatment of primary rat astrocyte cell cultures with aspirin and a cyclooxygenase (COX)-
2-selective aspirin derivative also stimulated significant increases in apoE protein. However, astrocyte and mixed glial apoE protein
levels were significantly reduced following exposure to COX-2-specific indomethacin amides and an inactive indomethacin deriva-
tive. ApoE protein modulation was observed at physiological and subphysiological concentrations well below the COX inhibition ICg,
values of the NSAIDs used, suggestive of a COX-independent mechanism. In contrast to these results, indomethacin and aspirin
treatment failed to induce any significant changes in apoE mRNA levels. The failure of NSAIDs to significantly alter apoE expression
may have been indicative of a nontranscriptional mechanism of apoE protein induction. Consequently, NSAID-induced increases in
apoE protein may enhance apoE-mediated immunosuppression and compensatory synaptic plasticity, potentially resulting in
decreased AD risk and delay of disease onset.

Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder character-In recent years, many researchers have focused their efforts on the
ized by the presence of nefihwillary tangles, neuritic plaques com- role of the immune system in AD (Hudit al, 1996; Shenget al.,
posed of beta-amyloid @, dystrophic neurites and cortical atrophy 1996). Studies have demonstrated high levels of microglial activation
(Cummingset al., 1998). It has been hypothesized that one key aspeeind clustering around AD plaques (Haggal., 1989; Perlmutter

of AD pathogenesis involves the apolipoprotein E (apoE) gene. Ietal, 1992; Saitotet al,, 1997), as well as elevated levels of comple-
rodent brains, apoE has been found to be primarily synthesized by maent proteins, interleukin (IL)-1 and IL-6 in human AD brains
astrocytes and microglia (Poiri@t al, 1991; Stoneetal, 1997). (Griffin etal, 1989; Walker & McGeer, 1992; Wocet al., 1993;
Unlike in rodents, three separate human apoE isoforms have be®fisniewski etal, 1996). In addition, use of nonsteroidal anti-
identified, namely apoE2, €3 ande4 (Breslowetal, 1982; Rall inflammatory drugs (NSAIDs) by the elderly has been associated with
et al, 1982). Among the Caucasian population, the allelic frequencies decreased relative risk and a delayed onset of AD (Mc&exr

of the apoEs2, €3 ande4 alleles have been reported to be 8, 78 andl990; Breitneret al., 1994; Anderseret al, 1995; Breitneret al.,

14%, respectively (Utermaret al., 1980). In addition, studies have 1995). NSAIDs include a variety of drugs whose main effect is to
shown a general trend of higher serum levels of apoE protein amomghibit the enzymes cyclooxygenase-1 (COX-1) (E.C. 1.14.99.1) and
healthy apoE2 carriers thare3 ande4 carriers (Shert al, 1998;  cyclooxgenase-2 (COX-2) (Rome & Lands, 1975; Copelanal.,

Panzeet al., 2003). 1994; Kurumbailet al., 1996). Although the main effect of NSAIDs
Individuals bearing two copies of the apeg allele have been has been described as involving COX inhibition, alternative mecha-
found to be at sigficantly greater risk for AD (Strittmatteat al., nisms of action have been proposed (Derham & Harding, 2002). For

1993; Poirieret al, 1993a). In addition, apo&4 AD patients have example, it has been suggested that NSAIDs may delay or prevent cat-
been reported as showing lower levels of apoE in the brain (Bertraratact formation in humans via acetylation of lysine residues found on
et al, 1995; Beffertet al, 1999a; Glockneet al., 2002). It has been lens proteins, thereby blocking the reaction of lysine with other cata-
proposed that reduced levels of apoE may Siaitly inhibit apoE-  ract-forming modiers (Derham & Harding, 2002).

mediated lipid transport and homeostasis, synaptic plasticity, Bnd A Prior work has established a complex relationship between apoE
clearance (Mahley, 1988; Boylesal., 1989; Poirier, 1994; Holtzman and the immune system, with apoE showing potential immunosup-
& Fagan, 1998). pressive properties both vitro (Laskowitzet al.,, 1997; Lynchet al.,

2001) andn vivo (de Bontet al., 2000; Van Oosteat al., 2001), and
inflammatory mediators showing si§nant apoE-regulatory effects
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Based upon the clear relationship between apoE and the immuneMixed cell culture samples were also utilized in order to create a
system, the epidemiological link between NSAIDs and apoE, and th@ore physiologically representative environment in which to measure
potential benfits of apoE in immune and lipid regulation, we hypoth- potential changes in apoE protein levels. The mixed glial cell suspen-
esize that the befies of NSAIDs in AD may be due to a modulation sion in PBS, derived from initial shaking, was re-suspended in fresh
of glial apoE production, therebyfinencing compensatory synapto- supplemented growth medium and plated in 73asks, previously
genesis and immunosuppression. The objective of the current studgated with poly D-lysine. After 30 min, the cell culture medium was
was to examine the effects of NSAIDs and NSAID derivatives orreplaced so as to remove excess oligodendrocytes. Subsequently, the
apoE protein and mRNA regulation in primary rat glial cell cultures. cell culture medium was replaced every 3—-4days umtii5%
confluence was achieved. Immunocytochemical labelling established
that cell cultures were composed~e70% astrocytes, 25% microglia
and 5% oligodendrocytes.

Cell culture solutions and supplies were purchased from Gibco (Grand Upon reachingz85% corfluence, the cell cultures were rinsed with
Island, NY, USA), unless otherwise indicated. Indomethacin and acé*BS, treated with 0.1% trypsin and warmed at@Tor 10 min. The
tylsalicylic acid (aspirin) were acquired from Sigma (St Louis, MO, trypsin was then inactivated by adding supplemented cell culture
USA). Indomethacin derivatives LM 4108, LM 4115 and LM 4192, asmedium in equal volume. All cell types were plated in 24-well cell
well as aspirin derivatives o-(acetoxyphenyl)hept-2-ynyl sulphideculture plates, previously coated with poly D-lysine, at a density of
(APHS) and APHS phenol, were gifts from Dr L. Marnett, Depart-~50000 cells/well. The cell culture medium was refreshed every
ment of Biochemistry and Chemistry, Vanderbilt University School 0f3—4 days untikz70% corfluence was reached.

Medicine, Nashville, TN, USA. Hydrogen peroxide was from Fischer

Scienttic (Fair Lawn, NJ, USA) while acridine orange was from Drug treatment

Eastman Kodak Comp. (Rochester, NY, USA). Goat antihuman apoEnriched primary rat astrocyte and mixed glial cell cultures were
capture antibodies were from International Immunology Corporationreated with the NSAIDs indomethacin and acetylsalicylic acid (aspi-
(Murrieta, CA, USA). The HiTrap Protein G Kit was purchased fromrin). Stock solutions of each drug were made in 100% ethanol. Cells
Amersham Pharmacia Biotech (Baie d'Urfe, QC, CAN). Biotin waswere subsequently treated with each drug at various concentrations
from Boehringer Mannheim Corp. (Indianapolis, IN, USA) anddissolved in fresh cell culture medium and incubated for a treatment
recombinant apoE4 protein was from Panvera Quality Reagenfseriod of 48, 72 or 96 h. Each concentration was tested in triplicate.
(Madison, WI, USA). Alkaline phosphatase-streptavidin wasUpon completion of treatment, cells were visually assessed and the
acquired from Zymed Laboratories Inc. (San Francisco, CA, USAgell culture medium was collected and storee- &d°C.

and attophos reagent from Promega Corporation (Madison, WI, Indomethacin and aspirin are nonselective COX inhibitors whose
USA). All RNA extraction materials were included in the RNeasyratios of COX-1: COX-2 inhibitory activity vary (Meadx al., 1993);

Mini Kit purchased from Qiagen (Mississauga, ON, CAN). SYBRhowever, both have been found to show preferential inhibitory activity
Green PCR Core Reagents and 1X SYBR Green PCR Master Magainst COX-1 (Rottet al., 1975; Picotet al, 1994; Gierseet al.,

were acquired from Molecular Probes Inc. (Eugene, OR, USA). 1999). Consequently, in order to explore the individual role of each
COX enzyme, COX-2-selective derivatives of indomethacin (Kalgutkar
etal, 2000) and aspirin (Kalgutkat al., 1998a) were used to treat
Primary rodent cell cultures were prepared as previously describgimary rat astrocyte and mixed glial cell cultures. Indomethacin aro-
(Guillaumeet al., 1996). All experimental protocols were granted eth-matic amide and indomethacin phenethyl amide (Kalguétal.,

ics approval under the provisions of the McGill University Animal Care2000), having been previously shown to mediate COX-2-selective
Committee and Canadian Council on Animal Care. fBtiggrimary inhibition, were utilized during a treatment regimen over a period of
astrocyte cell cultures were obtained from the cortices of 1-day-ol@4, 48, 72 or 96 h. In addition, an inactive indomethacin derivative
Sprague-Dawley rat pups (Charles River Laboratories Inc., St CorfKalgutkaret al., 2000), characterized by a 4-bromobenzyl group on
stant, Quebec, CAN). Isolated cortical tissue was enzymatically dissthe indole ring, was included as a negative control. All three
ciated with dispase [10 mg/mL phosphate buffer solution (PBS)] anthdomethacin derivatives were initially dissolved in dimethylsulfoxide
DNase 1 mg/mL (both from Boehringer Mannheim Corp., Indianapo{5 mm) and subsequently in fresh supplemented cell culture medium
lis, IN, USA). The cell suspension was thdtered through a 7@um for treatment of the cells.

nylon mesh (Becton Dickinson, Franklin Lakes, NJ, USA) and ulti- In addition, rat astrocyte and mixed glial cell cultures were treated
mately suspended in supplemented growth medium [Dulbeccotgith APHS (Kalgutkaet al., 1998b), a COX-2-selective inhibitor, and
modified Eagle's medium-F12 containing 10% fetal bovine serurdPHS phenol (Kalgutkagt al., 1998a), an inactive hydrolysis product
(FBS) (Immunocorp, Montreal, QC, CAN), 1% penicillin/streptomy- of APHS. Both aspirin derivatives were provided in agueous solution
cin, and 0.1% amphotericin B (fungazone),pM.6]. Cells were sub- and subsequently dissolved in fresh supplemented cell culture
sequently plated in 75-Gmflasks (Sarstedt, Newton, NC, USA), medium. Drug treatment was concluded following 24, 48, 72 or 96 h.
previously coated with poly D-lysine (Sigma, St Louis, MO, USA). Following treatment with indomethacin and aspirin derivatives, the
The cell culture medium was replenished every 3—4 days until the astroell culture medium was collected from each well and frozen at
cytes reacheer 70% corfluence and microglia were visible. Microglia —80°C for later analysis.

and oligodendrocytes were then removed via gentle shaking. Manual The concentrations used in the present experiments all fell within
shaking was repeated 3—4 days later in order to purify the astrocyte cplysiological concentrations and, often, well below reporteglvél-
cultures further. Astrocyte cell cultures were sustained with supplaies. For example, the concentrations of indomethacin and its deriva-
mented cell culture medium and assessed by immunocytochemistry fives used in the described experiments ranged froth th010 %M.
expression of gliafibrillary acidic protein (GFAP) in astrocytes, ED-1 Thus, most of these values fell well below the indomethagima@ue
antigen in microglia, and galactocerebroside (GALC) protein in oligo-of 0.75um (Kalgutkaret al., 2000) as well as within the physiological
dendrocytes. The results indicated that astrocyte cell cultures wecencentrations described in human plasma and CSF, both of which lie
composed 0f£95% astrocytes and 5% microglia. in the nanomolar range (Bannwarthal, 1990). In addition, the

Materials and methods

Tissue cell culture models
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derivative concentrations used typically fell well below thg i@lues  diluted in supplemented cell culture medium. Cells were incubated

of the COX-2-selective amides, listed as Qui2 and 0.06Qum with the described compounds for 2, 4, 8, 16, 24 or 30 h. Cells were

(Kalgutkaret al., 2000). rinsed with PBS and manually detached by scrapindidsk surface.
Aspirin and APHS derivative treatment concentrations used in th&he cell suspension in PBS was centrifuged for 10 min, upon which

present study ranged from fdo 10®m. These values typically fell the supernatant was removed. Samples were then stor80 .

well below the 1G, values of both aspirin and APHS, reported to be )

62.5um (Kalgutkar etal, 1998a) and O@m (Kalgutkar etal,  RNA extraction

1998b), respectively. Furthermore, the values used were well withibsing an RNeasy Mini Kit, frozen cells were disrupted by the addition

the physiological ranges of aspirin found in human plasma, reporteaf a mixed buffer containingg-mercaptoethanol and subsequently

to be in the millimolar range (Hansehal., 1998). homogenized using a QlAshredder column. Samples were then centri-
o o fuged for 2min at 20C. Following centrifugation, one volume of
Acridine orange staining 70% ethanol was added to the homogenized lysate and mixed. The

Cell viability was assessed using an acridine orange labelling protochisate was then applied to an RNeasy mini spin column and centri-
following 96 h of drug treatment. As a positive control, cells werefuged for 15s. Subsequently, the mini spin column was successively
treated with 0.01 and 0.001% hydrogen peroxide for 10 min prior tevashed with various buffers and centrifuged for between 15s and
staining. Initially, the cell culture medium and hydrogen peroxide2 min. The RNeasy column membrane was then rinsed with RNase-
were removed and 1QQ of fresh supplemented cell culture medium free water, allowed to stand fer1l min, and centrifuged for 1 min.
was added. Subsequently, cells were incubated with a stock buffExtracted RNA samples were qudietil using a spectrophotometer
solution of pH 3.5 (triton, 0.1%; sucrose, fi;2disodium EDTA, reading at 260 nm and then stored-80°C.

10~*M; citrate phosphate buffer, 0.82 pH 3.0) for 1 min. Cells were ] o ) )

then treated with an acridine orange solution (2mg/mL in Water)?eal-_tlme quantitative reverse transcriptase—polymerase chain
diluted 1 : 100 with a second stock buffer solution (NaCl).ditrate ~ éaction (RT-PCR)

phosphate buffer, 0.04, pH=3.8 based on phosphate) for a duration Extracted RNA samples were anfigd using a two-step RT-PCR

of 5min. Upon completion of incubation, removal of the acridinereaction (PE Applied Biosystems, 1997; Wieeal., 1999). In a total
orange solution was followed by a rapid rinse with PBS. Coverslipseaction volume of 50L containing 1x RT buffer, 5.5 MgCl,,

were immediately mounted on noncoated slides with Vectishield (Vecs00um of each deoxynucleotide triphosphate, | A6bof random hex-

tor Laboratories Inc., Burlingame, CA, USA) and observed with aamers, 0.4 JiL of RNase inhibitor and 1.25WL of Multiscribe
Nikon Eclipse E600uorescent microscope (Nikon Inc., Melville, Reverse Transcriptaseud of extracted RNA from each individual

NY). sample was amgiied. The reaction volumes were sequentially held at
) ) ) ) ) 25°C for 10 min, 48C for 30 min and 95C for 5 min. Subsequently,

Apolipoprotein E protein enzyme-linked immunosorbent assay the ampliied cDNA templates were frozen-a20°C.

(ELISA) ApoE mRNA quantication was achieved using SYBR Green PCR

Assessment of extracellular apoE protein levels in all collected cellore reagents, designed for use with the GeneAmp 5700 sequence
culture medium samples was achieved using a proteinfepEtiSA detector (PE Applied Biosystems, Foster City, CA, USA). St
assay (Befferetal, 1999a). The apoE ELISA assay was validatedapoE andp-actin oligonucleotide primers, based on the rat apoE
using 17B-estradiol as a positive control, whereby treatment with 17mRNA sequence (McLeaet al., 1983; forward primer, nucleotides
B-estradiol induced sigficant increases in apoE protein, as demon-921-940; reverse primer, nucleotides 978-996) an@aatin cDNA
strated previously (Storet al., 1997). ELISA plates (Corning Costar sequence (Bonaldet al.,, 1996; forward primer, nucleotides 218-238;
E.LA/R.ILA., Acton, MA, USA) were coated with goat antihuman reverse primer, nucleotides 265-284), respectively, were designed
apoE capture antibody, pfied with a HiTrap Protein G Kit, in 10an  using Primer Express software (PE Applied Biosystems). Each [@&ic-
sodium carbonate. Plates were sealed and stored overnighCat 4 tion utilized a total reaction volume of 8& containing 1x SYBR

The capture antibody was subsequently blocked with 0.1% bovin€reen PCR Master Mix, 1008mof each primer and |B. of cDNA
serum albumin (BSA) in PBS and stored overnight @t.4The fol-  template, with completion to volume with RNase-free water. Each
lowing day, each well was washed with 2@ rtris—base—salt—tween sample then underwent a thermal reaction cycle GC5fdr 2 min,
(TBS-T) between individual incubation periods of 2 h. Defrosted celB5°C for 10 min and 40 repetitions of 96 for 15s and 6€C for
culture medium samples and recombinant apoE4 standards (5@-min. Subsequently, the PCR product was stored@t All samples
2000ng/mL in PBS) were incubated in triplicate. Goat antihumarwere ampliied using both apoE affidactin primers.

apoE antibody labelled with biotin in 0.1% BSA in TBS-T was then Quantfication of mMRNA was achieved by measuring changes in
added. Subsequently, alkaline phosphatase—streptavidin dilutéiorescent signal emitted by SYBR Green Dye upon binding to dou-
1:1000 in 0.1% BSA in TBS-T was added and the plates were inclsle-stranded DNA (PE Applied Biosystems, 1997; Biechal,

bated at room temperature for 1 h. Finally, wells were incubated with999). Spedically, the threshold cycle (Evalues of treated and non-
attophos reagent, warmed to room temperature. At 30 min and 60 mineated samples were compared following normalization to the endog-
measurements of emittéillorescence were taken using a microplateenous control-actin. The G value refers to the fractional PCR cycle
fluorescence reader FL-600 (Bio-tek Instruments Inc., Winooski, VThnumber at which the amfikd target reachesfixed threshold, a con-
USA), reading at a bandwidth of 450-50 nm. Detectable levels dfiition indicated by thdluorescent signal emitted by the SYBR Green
apoE protein were between 50 and 2000 ng/mL. Dye.

Apolipoprotein E mRNA quantification Statistics

In order to assess whether NSAID treatment had transcription&tatistical normality was initially assessed using Normcheck, version
effects on apoE expression, primary rat astrocyte cell cultures wefieO; J. Rochford, Montreal, QC, CAN. Statistical outliers were
prepared and plated in 75-&ftasks. Rodent astrocyte cell cultures excluded at the 95% cfidence level based upon the Dixon Test
(~80% corfluence) were then treated with indomethacin and aspirinfor Rejection of Outliers (Dixon, 1953). Statistical outliers were

© 2003 Federation of European Neuroscience Soci&igspean Journal of Neurosciends, 1-11
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established across drug trials and within time and drug concentratiomain effects testing demonstrating mean protein levels to be
Data were excluded from four of the reported analyses with the nunsignificantly higher at 72 h than at either 48 or 96 hPail 0.01. All

ber of data points removed beirdl.7% of the total number of data significant main effects of time are described in Table 1. However,

points included in each analysis. Subsequent statistical analyses wandomethacin treatment of astrocyte cell cultures resulted in no

conducted utilizing Datasim, version 1.2; D.R. Bradley, Lewistonsignificant protein differences between nontreated and treated cells
ME, USA. over a 96-h period (Data not shown).

All individual data points were expressed relative to nontreated Analysis of mixed glial data revealed a sigpant timex
mean protein values within trial, drug and time. Protein levels ofconcentration interactionF(g ,.;=3.95, P <0.0001). Subsequent
treated cell cultures were assessed using two-way independent-msanple main effects analysis revealed digant differences in apoE
suresaNova; specfically ANovas were used to analyse the effects of protein levels between time points of 48, 72 and 96 h, within peci
drug concentration and duration of treatment across tRalst hoc  concentrations (allF;, 5,<21.76, P<0.05). As such,post hoc
pairwise comparisons were completed as required using Tukey's Hopairwise analysis established a general trend of increased apoE protein
estly Signficant Difference Test. Sigidant differences between non- with increased duration of incubation within wells treated with
treated and treated cells were then assessed using multisample 9Bfdomethacin at 107, 1078 and 10'°m, all P <0.05. Spedically,
confidence intervals with the nontreated mean protein value arbitrariljnean apoE protein values at 48 and 72 h werefsigntly lower than
set as a population mean of 1.0. For those analyses determinedthose at 96 hR < 0.05). In contrast, a sigitant reduction in apoE
have a sigficant main effect of concentration or siant  with time was detected at a concentration of*4@ with mean
time x concentration interaction effect, dadence intervals were protein values at 48 h being greater than at P$0.01. Cofidence
completed across and within time points, respectively. interval analysis demonstrated that indomethacin treatment of mixed

In order to quantify sample apoE mRNA, a comparativen€thod  glia induced sigricant increases in extracellular apoE protein levels
(PE Applied Biosystems, 1997; Winet al, 1999) was utilized for after 96 h relative to nontreated cells:Rk 0.05 (Fig. 1A).
each individual trial. @ values derived from amjfiication with raf3- ) ] ]
actin primers were subtracted from the @alues derived from Iréatment of primary rat astrocyte and mixed glial cell cultures
amplification of the same samples with rat apoE primers, thereby pr(yylth mdomgthacm dgrlvatlves significantly reduced extracellular
ducing aAC; value. Consequently, the resulting data were normalize@POE protein levels in a dose-dependent manner
to an endogenous control. Subsequently, Alg values of treated Three indomethacin derivatives, LM 4108, LM 4115 and LM 4192,
samples were compared to those of nontreated samples within eaghre utilized in the current study. LM 4108, an indomethacin amide
time point. Ultimately, apoE mRNA quantities for each treatment coneerivative, and LM 4115, an aromatic indomethacin amide derivative,
dition were expressed relative to a nontreated value of 1.0 (Windrave been characterized as COX-2-selective inhibitors (Kalgettkby
etal, 1999). 2000). Kinetic analysis has demonstrated that LM 4108 behaves as a

Across trials, the data were collated such that an independent-mesew, tight-binding inhibitor with a much slower time course of COX-
sures two-wayaNovAa was conducted with duration of treatment and 2 inhibition than indomethacin (Kalgutkat al, 2000). Furthermore,
agent concentration as independent factors. Statistical differencbsth LM 4108 and LM 4115 have proven to be effective at inhibiting
between treated and nontreated cells were examined using multisa@©X-2 activity in macrophage cell cultures, as welinagivoin a rat
ple 95% cofidence intervals with the nontreated mean apoE mRNAootpad oedema model (Kalgutketral., 2000). In contrast, LM 4192

value set as a population mean of 1.0. has been shown to be ineffective as a COX inhibitor and was, thus, used
as a negative control in the current experiments (Kalgetkalr, 2000).
Results Treatment of astrocytes with LM 4108 resulted in dgigant main
) ] ] ) effects of treatment duratioR{,,,= 30.84,P < 0.0001) and drug con-
Indomethacin treatment of primary rat mixed glial cell cultures centration E ,,,= 2.37,P < 0.05). Main effects analysis revealed that
significantly increased extracellular apoE protein levels mean apoE levels were sigoantly higher at 24 h than at 48, 72 or 96 h

Results for all experiments were derived from a minimum of two sep¢P < 0.01). Moreover, sigficant decreases in apoE protein were
arate cell culture trials. All apoE protein levels refer to those found imbserved in LM 4108-treated cells compared to control deks.05;
collected cell culture medium samples. Acridine orange staining dfig. 1B). Similarly, LM 4108 treatment of mixed glial cell cultures
drug-treated cells, when used in the reported concentrations, displayiediuced sigrficant main effects of timerg ,,,=5.37,P <0.01) and
significant greerfluorescence, indicative of viable cells. Rodent astro-compound concentratiorF{,,;=4.58, P < 0.001). Unlike astrocyte
cyte and mixed glial cell cultures, following 96 h of drug treatmentcells, mean apoE protein levels were digantly elevated at 72 h rel-
using the reported concentrations, displayed at least 95% cell viabilitgtive to 48 or 96 h, irrespective of drug concentratifon 0.05). In addi-
Two-way independent-measurgsova of astrocyte data revealed a tion, when compared to nontreated cells, mixed glial apoE protein levels

significant main effect of timeF ,5=4.38, P < 0.05) with simple of treated cells were found to be sigrantly lower P < 0.05; Fig. 1C).

TaBLE 1. Percentage change in apolipoprotein E levels across time among treated cell cultures showiizaatsigain effect of duration of treatment

24h 48h 72h 96 h
Drug compund  Astrocyte Mixed glia Astrocyte Mixed glia Astrocyte Mixed glia Astrocyte Mixed glia
Indomethacin N/A N/A 104.24.4 N.S. 121.25.5 N.S. 109.4:4.4 N.S.
LM4108 105.2+5.2 79.2+2.7 61.7+ 3.0 75.9£2.7 62.7+ 3.8 90.5+3.2 60.8+ 3.7 72.1+4.8
LM4115 104.0:7.4 79.74+3.9 83.4£5.0 53.1+4.0 55.3t 4.0 76.2+3.2 43.6:3.1 87.3:5.0
LM4192 94.5:£7.2 94.1+4.5 78.6£5.8 70.0£4.2 70.0£4.2 88.2+3.5 81.3t4.9 92.3+3.6
Aspirin N/A N/A 113.4+4.3 122.3:4.7 122.3:4.7 N.S. 82.585.1 N.S.

Values aret SEM. All data points are expressed relative to the arbitrarily set nontreated population mean of 100%. N/A, ???; N.S., ???.
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Fic. 1. Mean ¢ SEM) extracellular apolipoprotein E (apoE) protein. Figures depict mean (A) mixed glial apoE protein levels following J@hctisrad
indomethacin treatment concentration; (B) astrocyte and (C) mixed glial apoE protein levels as a function of LM 4108 toeetenérattion; (D) astrocyte and (E)
mixed glial apoE protein levels as a function of LM 4115 treatment concentration; and (F) mixed glial apoE protein levalstias affLM 4192 treatment con-
centration. All data points were expressed relative to the mean of nontreated (NT) cells. Mean protein values were denivaddrage of (A) > 6, (B and C)

n> 34, (D)n> 23 and (E and R) > 33 cell culture wells. The mean apoE protein values of treated cells were then compared via multipl€igg#cedntervals

to the arbitrarily set NT population mean of 1.0, as depicted by the solid black lindic&igndifferences in extracellular apoE protein levels, relative to tHose o
NT cells, are indicated b < 0.05.

Use of another COX-2-selective indomethacin derivative reveale86h proved to be sigficantly lower than those at 48 or 72h
similar results. LM 4115 treatment induced sfgraint main effects of (P <0.01). However, relative to nontreated cells, aspirin treatment
time and drug concentration in both astrocytes (tifygg=29.39,  was found to induce sigincant increases in astrocyte apoE protein at
P <0.0001; concentratioffs ;3= 2.23,P < 0.05) and mixed glia (time, ~a concentration of 10'm (P < 0.05; Fig. 2A).

F3.215=16.64,P <0.0001; concentratioffg ;5= 7.28,P < 0.0001). In Following treatment with aspirin, mixed glia showed a digant
astrocyte cells, apoE protein levels decreased with time as mean leveigin effect of drug concentration on extracellular apoE levels
at 24h were sigficantly greater than those at 48, 72 or 96h(Fg3,0=6.35, P <0.0001). However, no effect of duration of treat-
(P <0.05) and mean levels at 48 h were digantly higher than those ment was observed. Statistical analysis revealed disaynti increase

at either 72 or 96 (< 0.01). In mixed glia, however, mean apoE lev- in apoE levels upon treatment with aspirin at a concentration of
els at 48 h were sigficantly lower than mean levels at 24, 72 or 96h10 M (P < 0.05; Fig. 2B).

(P <0.01). Nevertheless, in both astrocyte and mixed glial cell cul- ) )

tures, treatment with LM 4115 proved to sigantly reduce extracel- Ireéatment of primary rat astrocyte cell cultures with a

lular apoE protein level$(< 0.05; Fig. 1D and E). _COX-2-sp§C|f|c aspirin derivative |ndl_Jced S|gr?|f|cant

As a negative control, an indomethacin derivative with no COXincreases in extracellular apoE protein levels in a
inhibitory activity, LM 4192, was utilized. However, analysis revealedtime- and dose-dependent manner
a signficant main effect of time in both astrocytds; {,s=3.25, The aspirin-like molecule o-(acetoxyphenyl)hept-2-ynyl sulphide
P <0.05) and mixed gliaR;,;,=6.98, P <0.001), as well as a (APHS) has been recently described as showing preferential acetyla-
significant main effect of LM4192 concentration in mixed glia tion and irreversible inactivation of COX-2 (Kalgutketral., 1998b).
(Fe211=5.39,P <0.0001). In astrocyte cell cultures, mean levels of APHS has been reported to 460 times more potent and 100 times
apoE were found to be sigiwiantly higher at 24h than at 72h more selective for COX-2 inhibition than aspirin (Kalgutkaral.,

(P <0.05). In contrast, mean levels at 48h were ficgmtly lower  1998b). The functional applicability of APHS has also beelfficoad
than at 24, 72 or 96 h in mixed gliR £ 0.05). In comparing treated bothin vitro andin vivo, whereby COX-2 activity in stimulated mac-
to nontreated cells, subtle decreases in apoE protein were detectegphages has been inhibited by APHS treatment (Kalgwkal,

following treatment in mixed gliaX< 0.05; Fig. 1F). 1998b). Furthermore, using anvivo rat air pouch model, sigintant

o ) ) ] reductions in prostaglandin synthesis have been observed following
Aspirin treatment of primary rat astrocyte and mixed glial cell treatment with APHS (Kalgutkaat al., 1998b).
cultures significantly increased extracellular apoE protein levels In the present study, a sigisant timex APHS concentration inter-

Significant main effects of both duration of treatmefy,(,=13.74,  action effect was observedF§ ;.= 3.34, P <0.0001). Subsequent
P <0.0001) and aspirin concentratiof, ¢;,=4.35, P <0.0001) on testing established a sidicant effect of time at an APHS concentration
astrocyte apoE levels were idéiil. In fact, apoE protein levels of 1071°m, whereby mean apoE levels at 24 h proved to befgigntly
decreased over time irrespective of concentration as protein levels greater than those at 48, 72 or 9®hk<(0.01). A signficant increase in
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Fic. 2. Mean ¢ SEM) extracellular apolipoprotein E (apoE) protein. Figures depict mean (A) astrocyte and (B) mixed glial apoE protedefugistion 6
aspirin treatment concentration. Mean astrocyte apoE protein levels were determined after (C) 24 h of APHS and (D) 96 thehaRtatment. All data pont
were expressed relative to the mean of nontreated (NT) cells. Mean astrocyte and mixed glial protein values, followtrepasgint) were derived from an aver-
age ofn > 8 andn > 25 cell culture wells, respectively. Mean astrocyte protein values following APHS and APHS phenol treatment were derinealén@gesio
n>5 andn> 6 cell culture wells, respectively. The mean apoE protein values of treated cells were then compared via multiplédebitedatervals to the arbi-
trarily set NT population mean of 1.0, as depicted by the solid black linefiGgmidifferences in apoE protein levels, relative to those of NT cells, are indigated b
*P <0.05.

astrocyte apoE protein levels was also observed following 24 h of treaDiscussion
ment, relative to nontreated cell < 0.05; Fig. 2C).

In contrast, the phenol derivative of APHS has been shown to
inactive with no inhibitory activity against either COX-1 or COX-2
(Kalgutkar etal, 1998a). Aova substantiated a sigigant In the present study, treatment of primary rat tissue cell cultures with
timex APHS phenol concentration interactionF,{,;,,=3.13,  indomethacin, aspirin and the COX-2-selective aspirin derivative
P < 0.0001). Astrocyte apoE levels were generally found to increasAPHS induced sigficant increases in extracellular apoE protein lev-
with prolonged incubation at spéci APHS phenol concentrations. els. Generally, astrocyte and mixed glial apoE protein levels were
Specfically, mean apoE levels at 24 h proved to be Sicamtly lower  found to increase by 58—62 and 46—86%, respectively. In contrast, use
than at 72 h at a concentration of M (P < 0.05) and at 96 h at con-  of indomethacin derivatives with COX-2-selective inhibitory activity,
centrations of 10'°, 1072 107 and 10'®m (P <0.05). Mean levels as well as an inactive indomethacin derivative, sigantly reduced
at 48 h proved to be sidigantly lower than those at 72h at1tv apoE protein levels. The reported decreases in astrocyte and mixed
(P<0.05) and at 96 h at both 18 and 16'°m (P<0.05). Finally,  glial apoE protein levels were between 24 and 42% and 21 and 43%,
apoE protein levels at 72 h were found to be Sicguntly lower than  respectively. The failure of pure astrocyte cell cultures to show any
levels at 96 h at 132Mm (P < 0.05). In contrast to the results shown for significant protein level changes following indomethacin and
APHS treatment of astrocyte cell cultures, cell cultures treated withM 4192 treatment could have been indicative of the need for a mixed
APHS phenol showed no sidigiant differences in mean apoE levels cellular environment, one which is more physiologically relevant. The

blgSAID and NSAID derivative treatment of primary rodent glia
induced significant changes in apoE protein levels

compared to nontreated cells (Fig. 2D). presence of immune-responsive microglia and their potential interac-
] o ] tion with astrocytes in mixed cell cultures may have facilitated the

Treatment of primary rat astrocytes with indomethacin and apoE protein changes detected in the reported experiments.

aslg;\rll,z Ia”eld to induce any significant changes in cellular apok Similar results in terms of the differential response of pure astrocyte

m evels

vs. mixed glial cell cultures have been reported in the context of apoE
ANova of apoE mRNA levels failed to show any sigcant effect of  regulation (Stonet al., 1997). Mixed glial cell cultures, when treated
indomethacin or aspirin treatmet$ 0.05; Fig. 3A and B). with 17B-estradiol, were found to display increased levels of apoE
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Fic. 3. Mean ¢ SEM) rat astrocyte apolipoprotein E (apoE) mRNA as a function of (A) indomethacin and (B) aspirin treatment concent@atarpditits were
expressed relative to the mean of nontreated (NT) cells. Mean apoE mRNA values following indomethacin and aspirin expdsukedvénen an average of
n> 12 andn> 14 cell cultureflasks, respectively. The mean apoE mRNA values of treated cells were then compared via multipl€i@iBffcedntervals to the
arbitrarily set NT population mean of 1.0, as depicted by the solid black line.

mRNA (Stoneet al,, 1997). In contrast, monotypic cell cultures of decreases in apoE protein relative to nontreated cells; thus, drug
astrocytes or microglia failed to show any sfgm@int response to effects at later time points may have resulted in the observed main
oestrogen treatment (Stoeeal,, 1997). The authors similarly sug- effect of time with lower protein levels seen at 72 and 96 h.
gested that heterotypic cell—cell interactions were required to physio- ) o )
logically represent the effect of oestrogen on glial apoE productiofl SAID-mediated neuroprotection in AD may not be exclusively
(Stoneet al,, 1997). Other studies have also demonstrated the need f§e Product of an immune-mediated pathway but rather the
heterotypic cell cultures in order to show a biological effect. FofProduct of alternative mechanisms involving apoE
example, transforming growth facti- treatment of pure astrocytes Published evidence suggests that commonly used NSAIDs, incl{i@iry
has been found to decrease apolipoprotein J mRNA levels, in contrastiomethacin and aspirin, have the capacity to affect the expression of
to thein vivo phenotype. However, the same compound has beeproteins beyond those involved iflammation. As such, the results
found to increase astrocyte apolipoprotein J production when astrof the current study implicate apoE modulation as a potential mecha-
cytes were cocultured with microglia and oligodendrocytes (Morgamism of NSAID neuroprotection in AD. The failure of recent NSAID
etal, 1995). These studies support our hypothesis that a heterotymtnical trials to demonstrate sigiant quantitative beifies for symp-
cell culture environment is often required to show the true physiologitomatic AD patients has called into question the exclusivity of an
cal effect of various compounds. inflammatory mechanism of NSAID action in AD. To date, the gen-
One must also note that the cell cultures used in the present expegral hypothesis underlying the potential bsef NSAIDs in AD has
ments did not contain any neurons. It has been generally accepted thaen one derived from anfiammatory perspective. The elevated lev-
brain apoE expression occurs primarily in astrocytes and microglials of immune cell activation, complement, and cytokines observed in
(Poirieret al., 1991; Nakaet al., 1996; Stonet al., 1997). Thus, neu- AD naturally led many to hypothesize that inhibition of these
rons were excluded from the present experiments in order to focusflammatory mechanisms might provide some heiy reducing
upon the effect of NSAIDs and their derivatives on primary apoE-proehronic iflammation, immune-mediated cell damage and furtier A
ducing brain cells. Nevertheless, in humans, apoE mRNA has be@athology (Stewart al., 1997; Kitamuraet al.,, 1999).
localized in selected cerebral cortical and hippocampal CA1-CA4 However, more recent evidence suggests that NSAID neuroprotec-
neurons and large neurons in the frontal lobedXai., 1999). In spite  tion may not be solely the result of antiiammatory processes but
of low-level neuronal localization of apoE mRNA, it has been typi-rather a collaboration of effects, not all of which are immune in
cally suggested that neuronal apoE is the result of apoE uptake viature. Epidemiological analysis has revealed that an inverse associa-
available apoE receptors (Beffatal, 1999b). Thus, future experi- tion between AD and NSAID use exists at both low and high drug
ments must consider the potential role of neuronal uptake on extracelesages (Broet al., 2000). In fact, it has been suggested that the low
lular levels of apoE protein, the dependent variable in the presenaproxen dose equivalent ef500 mg/day used in the study would
experiments. prove relatively ineffective at suppression of braffeimmation (Broe
Main effects analysis revealed increases in apoE protein levels witt al,, 2000). Thus, the reported inverse association may not be the
longer incubation time in both astrocyte and mixed glial cell culturesproduct of NSAID-mediated immunomodulation but rather the result
These sigrficant changes may have been the result, at least in part, of an as yet undmed alternative pathway, one which may involve
increasing cell number with time. In contrast, trends towarddNSAID-mediated effects on apoE regulation.
decreased apoE protein with time, as demonstrated by treatment withFurthermore, many studies to date have shown that NSAID use is
aspirin and APHS, may have been the product of an early peak in dragsociated with a protective effect, more so than a treatment effect fol-
effect with increases in apoE protein appearing early during treatmeltwing diagnosis. Various inconsistencies in NSAID bi#rnemong
and decreasing thereafter. Finally, exposure to indomethacin derivdiagnosed AD patients emphasize the potential importance of NSAID
tives resulted in a trend towards decreased protein with time, a tremgtatment in the period prior to diagnosis (Scleadl., 1999). In fact,
which may have fiected increasing drug effect with longer incuba- recent studies have found the reduction in AD risk to be most preva-
tion time. Indomethacin derivatives generally induced ficamit  lent following use of NSAIDs during a critical latent stage of the
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disease, prior to the appearance of disease symptoms @aaldi  here, suggests that synaptic plasticity modulation may very well play a
2002). Thus, the inability of NSAIDs to consistently provide cognitiverole in NSAID action. Previous work has demonstrated that apoE pro-
bendit among AD patients may be a function of patient age and sevetein and mRNA levels are siditantly increased in the regenerative
ity of the disease process already in progress. Studies indicate thphase that follows entorhinal cortex lesions (Poétexl., 1993b), sciatic
even in mild AD cases, a loss of neurons of up to 46% can be observedrve crush injuries (Boylest al., 1989) and forebrain ischemia (Ali
in the CA1 region (Pricet al, 2001). Consequently, NSAID-medi- et al, 1996). Furthermore, apoE has been shown to mediate a neurite
ated anti-iflammatory activity following AD diagnosis might be extension process in an allelic-dependent manner with apoE3 and
moot in the light of the cell loss already suffered. In the face of thapoE4 having been proven to promote increases and decreases in
severity of pathology typically present even upon initial diagnosis oheurite branching and extension, respectively (Natizad., 1994;
AD, it seems likely that NSAIDs may be best used as preventivBellostaet al., 1995). In contrast, the absence of apoE in knockout
agents. mice completely prevents reinnervation and synaptic remodelling
Although COX-1 and COX-2 protein levels sifinantly increase (Masliah etal, 1996; \Veinbergsetal, 1999). Collectively, the
over time in AD (Pasinetti & Aisen, 1998; Kitamuetal., 1999) and  evidence supports the idea that increased levels of apoE during synap-
may therefore present a progressively larger target for NSAID actionic remodelling following injury or during development may facilitate
it is unlikely that NSAID inhibition of COX enzyme activity would cholesterol transport for membrane and synapse formation, nerve
account for the degree of protection reported. In spite of the fact thatgeneration and remyelination (Poirieral, 1991; Poirieret al.,
some reduction in flammation is likely due to NSAID-mediated 1995). Consequently, the reduced risk for AD associated with
COX inhibition, various other chronic mechanisms may be more thaprolonged NSAID use may be, at least in part, the result of NSAID-
capable of perpetuating brainfle)mmation. For example, existing mediated increases in apoE and, ultimately, a greater capacity for
cytokines could foster further cytokine and neurotoxin production visynaptic plasticity. Pre-clinically, heightened apoE levels may (i)
chronic activation of astrocytes and microglia. Although NSAIDs mayprovide a greater ‘cognitive reserve’ with which to face the potential
function to alleviate the initiation of chronic ADfiammation during AD neurodegenerative process and (ii) mediate enhanced recovery
the preclinical phase, it seems unlikely that the degree of observedechanisms against early neuronal injury.
neuroprotection can be solely attributed to the suppression of rela-

tively minor elevations in immune function prior to diagnosis. COX-mediated pathways do not appear to underlie the changes

in apoE protein levels
NSAID-mediated neuroprotection may be, in part, the result of The precise mechanisms underlying NSAID-mediated apoE induction
apoE-modulated changes in immune function, AS clearance remain unclear. However, in an attempt to analyse the role of COX
and synaptic plasticity enzymes in this process, COX-2-selective and inactive NSAID deriva-

The aforementioned evidence is consistent with an alternative mechiives were utilized. The results indicate that astrocyte treatment with
nism of NSAID neuroprotection in AD, one that may involve apoE.the COX-2-selective aspirin derivative APHS and with its inactive
NSAID-mediated increases in apoE, as demonstrated in the presgitenol resulted in a siditant increase in apoE protein and a trend
study, may have implications in immune functior élearance and towards increased protein, respectively. However, the concentrations
synaptic plasticity. Prior studies have established that apoE has the which these effects were seen fell well below thg W@lue of
capacity to act as an immunosuppressive modulator via inhibition di.8um for APHS-mediated inhibition of COX-2 (Kalgutkaat al.,

glial cytokine secretion (Laskowitt al., 1997), microglial activation 1998b); consequently, it is unlikely that the apoE induction seen here
(Laskowitz et al., 2001) and astrocyte activation (Overmral., was the result of COX-2-mediated processes. Moreover, the ability of
1999). Consequently, increased levels of apoE in persons takirie inactive APHS phenol compound to affect apoE levels suggests a
NSAIDs could potentially act to temper building levels of immuneCOX-independent pathway. In the light of an aspirig,l@lue of
mediators preclinically, thereby reducing levels of cytokines and2.5um (Kalgutkaret al,, 1998b), aspirin-mediated apoE increases at
immune cell activation and, ultimately, limiting the chroniftdamma-  concentrations<1nv provide further evidence of an alternative
tory cycle. mechanism.

Similar apoE involvement in amyloid metabolism has been recently In contrast, COX-2-selective and inactive indomethacin derivatives
described in studies of mild AD patients treated with the cholesterolvere found to induce sigintant decreases in astrocyte and mixed
lowering drugs probucol and lovastatin (Poirier & Panisset, 2002glial apoE protein levels. These decreases were observed over a large
Poirier, 2002). Spefically, in the case of a 6-month clinical trial of range of treatment concentrations, generally within the micromolar—
probucol, total A levels were found to decline over time in an picomolar range. However, the JGralues for these COX-2-selective
apoE-concentration-dependent manner whereby AD subjects with tliedomethacin amides have been listed as iMizand 0.06Qum
highest induction of CSF apoE also exhibited the most pronounceggkalgutkar et al., 2000), thereby suggesting that the concentrations
reduction of CSF @ concentration (Poirier, 2002). exhibiting apoE-reducing effects could have involved some

Although we postulate that apoE modulation may play a role irCOX-inhibitory activity. However, the bulk of the data demonstrating
NSAID-mediated neuroprotection in AD, recémtvitro studies have reductions in apoE protein ftected treatment at concentrations far
also implicated NSAIDs in the direct metabolism @. An fact, stud-  below the micromolar range, indicating the potential involvement of a
ies have demonstrated that various NSAIDs including ibuprofen an@OX-independent mechanism. Again, such a COX-independent
indomethacin are capable of (i) reducing production of tfig %ari- mechanism would be consistent with the digant reductions in
ant, a vital component of AD plaques (Weggeral, 2001) and (ii) apoE levels induced by the inactive indomethacin derivative, as well
stimulating secretion of the nonamyloidogemisecretase form of the as the sigrficant increases produced by indomethacin at concentra-
soluble amyloid precursor protein (SA@RAvramovichet al, 2002).  tions far below its own Ig value of 0.7%M (Kalgutkaret al., 2000).
Consequently, it has been suggested that NSAIDs nfayeinte 48 Unlike aspirin, APHS and APHS phenol, the results show that
metabolism and reduce subsequent AD plaque production. indomethacin and its derivatives induced ftioting increases and

Though it has been proposed that NSAID neuroprotection is thdecreases in apoE protein levels, respectively. The mechanisms
product of immune modulation, the up-regulation of apoE, as seemnderlying the opposing effects of these compounds may require
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