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Expression of the p75 TNF Receptor Is Linked to
TNF-Induced NFkB Translocation and Oxyradical

Neutralization in Glial Cells*
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Tumor necrosis factor (TNF)-family cytokines induce reactive oxygen species (ROS) that injure
vulnerable populations of brain cells. Among glia, oligodendrocytes are particularly susceptible
to TNF-induced ROS whereas microglia are protected. We previously found that oligodendro-
cytes in vitro predominantly express the p55 type-1 TNF receptor, while microglial cells express
both type-1 and p75 type-2 receptors. We hypothesized that differential TNF receptor expression
and attendant signaling underlies the relative vulnerability of oligodendrocytes, versus microglia,
to TNF-induced injury. To test this hypothesis, purified cultures of glial cells were incubated
0-48 hr with TNk or lymphotoxin-alpha, following which levels of ROS, glutathione (GSH),
nuclear factor kappa-B (NdB) translocation, and anti-oxidant proteins and activity were

measured. 48 hr exposure to TNF increased ROS levels 28% and decreased GSH levels 17%
in oligodendrocytes, but decreased levels ROS levels 24% and increased GSH levels 112% in-
crease in microglia. Thirty to 180 min exposure to TNF increasacBNfuclear translocation

to a greater extent and for a longer time in microglia versus oligodendrocytes, and this was fol-
lowed 24-48 hr later with 3- to 13-fold increases in microglia manganese superoxide dismutase
protein levels and 6-fold increases in enzyme activity. Collectively, these data suggest that sig-
nals transduced through the p75 receptor activate anti-oxidant mechanisms that protect mi-

croglia from TNF-induced injury. Lacking such signals, oligodendrocytes are considerably
more vulnerable to the injurious effects of TNF.
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INTRODUCTION

Cytokines in the tumor necrosis factor family are

potent proinflammatory agents implicated in the patho-

*Special issue in honor of Dr. Juana Maria Pasquini.

1 Mental Retardation Research Center, University of California at
Los Angeles, Los Angeles, California, 90024-1759.

2 Department of Medicine, University of California at Los Angeles,
Los Angeles, California, 90024-1759.

3 Division of Surgical Oncology, University of California at Los An-
geles, Los Angeles, California, 90024-1759.

4 Address reprint requests to: Jean de Vellis, University of California
at Los Angeles MRRC, 68-177 NPI, 760 Westwood Plaza, Los An-
geles, California 90024-1759. Tel: (310) 825-0239; Fax: (310) 206-
5061; E-mail: jdevellis@mednet.ucla.edu

genesis of central nervous system (CNS) demyelinat-
ing diseases. For example, tumor necrosis factor-alpha
(TNFa) is localized to astrocytes and microglia (1),
and lymphotoxin-alpha (Ld) is localized to T-cells

(2) in active multiple sclerosis (MS) lesions. To-
jections exacerbate the clinical severity of experimental
allergic encephalomyelitis (EAE) (3), an animal model
of MS, whereas antibodies against either &N#,5) or
soluble type-1 TNF receptors ameliorate EAE (6). TNF

Abbreviations: DCF-DA, 2,7-dihydrodichlorofluorescein diacetate;
GSH, glutathione; L&, lymphotoxin-alpha; NkB, nuclear factor
kappa-B; OL, oligodendrocytes; Prx, peroxiredoxin; ROS, reactive
oxygen species; SOD, superoxide dismutase;d,Nfmor necrosis
factor-alpha.
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ligands (TNFe and LTe) transduce their effects through molecules such as riboflavin, initiating a cascade that
two primary receptors—the 55-kDa type-1 receptor ultimately yields HO,—induces 17-fold higher ROS
(TNFR1) and the 75-kDa type-2 receptor (TNFR2)— levels in OL versus astrocytes (29). Immature OL ap-
that have homologous extracellular ligand-binding do- pear to be most at risk for ROS-induced damage: GSH
mains but distinct intracellular domains and divergent depletion causes significantly higher levels of ROS
signal transduction cascades. and cytotoxicity in pre-OL versus mature, myelin basic
TNF-family cytokines do not affect all types of protein-expressing cells. ROS-injured OL have chro-
glial cells uniformly. For example, TNFstimulates matin condensation, a decrease in nuclear size, and
astrocyte proliferation in vitro (7,8) and GFAP upreg- cytoplasmic vacuolation indicating apoptosis. Early

ulation and gliosis in vivo (9). TNk induces prolif- mitochondrial swelling suggests that this organelle is
eration of microglial cells co-cultured with astrocytes an initiation site of cellular dysfunction (30).
(10-12), and enhances microglia IB-induced prolif- We previously found by Northern and immuno-

eration and IFN-induced nitric oxide production (13). cytochemical analyses that rat microglia express both

In contrast, in oligodendrocytes (OL) it has injurious TNFR1 and TNFR2 in vitro, whereas OL predoamtly

effects such as altered potassium-channel function (14).express TNFR1 (12). We hypothesized that differen-

inhibition of protein phosphorylation and process exten- tial TNF receptor expression and associated signaling

sion (15), and demyelination (16). High concentrations contributes—via differential ROS generation and/or

of LTa also induce DNA fragmentation and apoptotic neutralization—to the relative vulnerability of OL to

cell death in OL (17). TNF-induced injury. To test this hypothesis, we deter-
One way that TNF cytokines could differentially mined the effects of TNF and LT on levels of ROS,

affect glial cells is by altering their generation and/or NFkB translocation, anti-oxidants, and anti-oxidant ac-

neutralization of reactive oxygen species (ROS). TNF tivity in primary microglia versus OL.

is known to disrupt the electron transport chain in mito-

chondria (18), initiating the formation of superoxide

anions (O,7). Mitochondrial-derived ROS are pro- EXPERIMENTAL PROCEDURE

posed to be instrumental in initiating apoptosis (19).

Scavenger proteins rapidly neutralize potentially harm- Cell Isolation and CulturePrimary mixed-glial cultures were

ful ROS, and each protein has a specific intracellular lo- obtained by slightly modifying the protocol of Cole and de Vellis

cation, metal requirement, and target species. Copper/(?’l) as previously described (12). Briefly, cerebra from 2-day-old

. . . Sprague-Dawley rat pups (B & K Universal, Fremont, CA) were
zinc-dependent superoxide dismutase (Cu/Zn SOD) harvested and progenitor cells were cultured &t 20° cells/ml for

is located in the cytosol and it catalyzes the conver- 5 gays. Floating microglia were harvested from 5-day cultures and
sion of-O,~ into hydrogen peroxide (JD,), whereas  were 97% acetylated-LDLR OL were dissociated from 7- and 8-day
manganese-dependent SOD (Mn SOD) catalyzes a sim-astrocyte monolayers by rotational force and plated at®°/ml in

ilar reaction in mitochondria. 40, is then converted poly-L-lysine (PLL) (Sigma, St. Louis, MO) coated petri dishes for

into water b eroxisomal enzvines such as catalas 2 days before use. Cells were maintained in DNB media containing
y p y _eDMEM (Gibco, Grand Island, NY), N1 supplement (56/ml trans-

and by cytosolic enzymes such as glutathione peroXi-ferrin, 5 ug/ml insulin, 100 mM putrescine, 20 nM progesterone,
dase and peroxiredoxins. Peroxiredoxins are a family and 30 nM selenium; Bottenstein et al., 1980), biotin (10 ng/ml), and
of highly conserved anti-oxidant proteins that scavenge 0.5% FCS. Basic fibroblast growth factor (bFGF) and platelet-
not only HO, but also organic hydroperoxides (20_ derived growth factor-AA (PDGF-AA) (both 5 ng/ml; both from

22) Peroxiredoxins protect cells from apoptosis CéullsedBoehringer Mannheim; Indianapolis, IN) were added to OL cultures
) P pop to induce proliferation. When allowed to mature under these condi-

by OX_idative damage (23,24) an_d th_ey are upregulatedons for 7-10 days, cultures of OL were 95% galactocerebroside
by oxidants and inflammatory stimuli (22,25,26). positive.

Differential expression of anti-oxidants confers dif- ~ ROS and GSH Measureme;.7-Dihydrodichlorofluorescein
ferences among glia in the ability to neutralize ROS. diacetate (DCF-DA) was used to measure &Nifduced ROS fol-

Peroxiredoxins. for example. are differentiallv expressed lowing the procedure of Bass et al. (32). DCF-DA diffuses through
! p'e, Yy exp cell membranes and is deacetylated by intracellular esterases to non-

among populations of glial cells (27,28). OL precursors fiyorescent DCF-H. In the presence of peroxynitrite, hydrogen per-
also have one third the reduced glutathione (GSH) lev- oxide, nitric oxide, or superoxide, DCF-H is converted to highly
els and 23-fold the iron content of astrocytes (29). GSH fluorescent DCF (33). Glial cells were plated at 30%/100 wl/well
converts peroxides to water, whereas iror?(Emcil- in DNB media (described above) in PLL-coated (1@@ml) 96-well

itates the conversion of #, into hydroxy radicals flat-bottom plates (Corning); 5 ng/ml each of bFGF and PDGF-AA
2 y y were added to OL. Recombinant rat T&F20 ng/ml; Peprotech;

(-OH), and ”pid_hqupe_rOXideS ir_1to peroxy radic_als. Rocky Hill, NJ) was either omitted (control) or added immediately,
As a result of this disparity, blue light—which excites 24, 36, or 47 hr later; fresh cytokine was added every 24 hr. Hence,
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cells were continuously exposed for 0, 1, 12, 24, or 48 hr to TNF. rabbit anti-Prx-I/Il (1:1000; polyclonal #628). Rabbit polyclonal
Plates of cells were washed twice with Krebs’ Ringer (KR) solution, antiserum specific for both Prx-I and -Il was obtained as previously
following which 100ul/well 50 mM DCF-DA was added. Plates were  described (36,37). Blots were washed and incubated for 1 hr in bio-
sealed with mylar tape and incubated in the dark at room temperaturetinylated rabbit anti-sheep 1gG (1:20,000; Vector Labs; Burlingame,
for 20 min. Cells were washed twice with KR to remove unincorpo- CA) or HRP-conjugated goat anti-rabbit 1gG (1:40,000; Vector).
rated DCF-DA, and 10Q.M menadione was added to selected wells Blots were washed and protein bands were visualized by enhanced
as a positive control. Fluorescence at 485 nm excitation and 530 nmchemiluminescence (Amersham), using exposures of 30 sec to 2 min.
emission was measured in a Cytofluor 2300 fluorescent plate readerBand intensities were determined with ImageQuant software (Mol-
5, 15, 30, 60 and 120 min later; asymptotic 60-min data were used ecular Dynamics, Santa Cruz, CA). All Western data were replicated
for analyses. To quantify reduced glutathione (GSH) levels, KR was at least once using proteins and blots from independent cultures of
removed and monochlorobiamine (A4 in KR) was added to each glial cells.
well. Plates were incubated for 20 min in the dark at 37°C, follow- SOD Activity AssayPrimary glial cells, cultured as described
ing which fluorescence at 395 nm excitation and 460 nm emission wasabove in 100-mrpetri dishes, were incubated for 0, 24, or 48 hr
measured (34,35). To quantify dead cells, propidium ioding.{80 with 20 ng/ml recombinant rat TNHPeprotech). Cells were washed
final concentration) was added to each well, plates were incubatedtwice in PBS at room temperature, 5Q0of 10 mM KPQ buffer
in the dark for 15 min, and fluorescence at 530 nm excitation and (pH 7.7) was added to each plate, and cells were removed with a
590 nm emission was measured. Subsequently, total cell number waseveled scraper. Cells were homogenized for 2 min in a Dounce
quantified by adding digitonin (16@M final concentration) to per- homogenizer, alternately freeze/thawed in acetone/dry-ice and
meabilize cell membranes. Plates were incubated in the dark for 60°C water baths five times, and centrifuged for 3 min at 103000
20 min and fluorescence at 530 nm excitation and 590 nm emissiong; supernatants were stored-aR0°C prior to use. Protein concen-
was re-measured. To correct for differences among wells in cell trations in supernatants were determined via Bradford assay. Into
number, DCF and GSH data were normalized by dividing them each well of a flat-bottomed 96-well plate was added final concen-
by propidium iodide fluorescence values obtained after digitonin trations of 10 mM KP@buffer (pH 7.7), 1 mM EDTA, 333.g/ml
permeabilization. gelatin, 33uM PMS, and 375.M nitro-blue tetrazolium, with or
Western BlotsTo measure NkB translocation, cells were in- without 5 mM KCN. 5u.g protein/sample was added to each well,
cubated with 20 ng/ml recombinant rat T&EPeprotech) for 0, 30, followed by 1M NADH to initiate the formation of superoxide
60, 120, or 180 min. Cells were washed in ice-cold PBS and cyto- anion. Color intensity was determined in a Tecan SLT Spectra Shell
solic proteins were harvested by first incubating cells on ice for 15 plate reader 0, 5, 10, and 20 min after the addition of NADH.
min in a buffer of 10 mM HEPES, 10 mM KCL, 0.1 mM EDTA, 0.1 Statistics Paired-samplétests were used to evaluate differences
mM EGTA, 1 mM DTT, 0.5 mM PMSF, and 1 mM sodium ortho-  between cell types at various time points or in response to specified
vanadate (pH 7.9), then dissolving plasma membranes by the addi-treatments.
tion of Nonidet P-40 (0.6% final concentration) for 2 min. Lysates
were centrifuged for 5 min at 3000g, cytosolic proteins in the su-
pernatant were collected, and nuclei were resuspended and agitated
for 30 min on ice in a buffer of 20 mM HEPES, 400 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1 mM DTT, 1mM PMSF, and 1 mM RESULTS
sodium orthovanadate, 1% leupeptin, 1% aprotinin, and 10% glyc-
erol (pH 7.9). Lysates were centrifuged at 12,009 for 10 min and The DCF assay was used to measure TNF-induced
nuclear proteins in the supernatant were collected. To measure TNF-ROS in microglia and OL. To control for inter-assay
ligand induction pf anti-oxidant protelns_, glia were incubated with differences in baseline levels, DCF data were graphed
20 ng/ml recombinant rat TNFor recombinant human Lol (R & D . .
Systems; Minneapolis, MN; cross reactive with mouse receptors) for as percent change_ from baseline. As a point of refer-
0-48 hr: fresh cytokine was added every 24 hr. Cells were washed in€NCe, mean baseline DCF fluorescence valtiethe
PBS, and total cellular proteins were harvested in a buffer of 200 mM Standard error of the mean (SEM) in unstimulated cells
NaCl, 20 mM HEPES, 1 mM Mggl0.5 mM EDTA, 0.5 mM DTT, were 1041+ 23 for microglia and 572 52 for OL.
protease inhibitors (1ImM PMSF, 3(y/ml leupeptin, Sug/ml pep- As shown in Figure 1, TNF had divergent effects on
statin, 1 mM sodium orthovanadate, 1 mM iodoactemide), and 0.1% . - . .
NP-40 (pH 8.0). Protein concentrations were determined by Brad- ROS_ levels m_g“a' TNF induced a grqdual but consis-
ford assay (Bio-Rad, Hercules, CA), and 1 (anti-oxidant blots) tent increase in OL ROS levels, peaking at 28% above
or 50ug (NFxB blots) glial-cell protein, 2Qug EGF-stimulated\431 baseline after 48 hr. In contrast, TNF induced a de-
carcinoma cell protein, 200 ng bovine Mn SOD, 100 ng rhPrx-Il, or crease in microglia ROS levels, with values dropping

L2500 1l Lot polen et e A ecoporese o 317 1% 10 208, 36%, and 249% below baseline atter 12, 24
0 - . .

proteins were transferred for 12 hr at 4°C onto a nitrocellulose mem- and 48 _hr’ respecnvely (a”_g 0.01). . .

brane (Optitran; Schleicher & Schuell, Keene, NH). Nitrocellulose To investigate mechanisms underlying differences

membranes were blocked for 1 hr in tris-buffered saline (TBS, pH in TNF-induced ROS, we used the monochlorobiamine
7.4) containing 3% nonfat dry milk. Blots were washed for 5 min in (MCB) assay to determine effects of TNF on levels of
TBS containing 0.01% Tween-20 (TTBS), and incubated for 1 hr GSH. GSH was measured because it both scavenges

with agitation in TTBS containing one of the following primary an- . . . . .
tibody solutions: rabbit anti-N&B p65 (1:2000, Stressgen; Victoria H20, via GSH peroxidase and it neutralizes cytotoxic

BC, Canada) sheep anti-Cu/zn SOD (1:100; Upstate Biotech) and Products of lipid peroxidation. Basal levels of MCB flu-
3% nonfat dry milk; sheep anti-Mn SOD (1:1000; Calbiochem); or orescencet SEM were 180+ 41 for microglia versus



1538 Dopp et al.

23 4 5 6 7 8 9101

40 - Oligodendrocytes ) e ; ; 3
0. I 65.0- Wb WM dme o= s e es - NFkB
N 1 K 0 30 60 120180 0 30 60 120180

10 1 e ‘ Testis Microglia Oligodendrocytes

/Y0 PR 3fopedy by
-10

Fig. 3. TNFa-induced p65 NKkB translocation is stronger and more
prolonged in microglia than in oligodendrocytes. Enriched cultures
of microglia or oligodendrocytes were incubated for 0—180 min with
20 ng/ml rat TNRk. Nuclear proteins (5Qug/lane) were electro-
phoresed through a polyacrylamide gel, transferred onto a nitro-
cellulose membrane, and probed for the p65 subunit @B\NProtein
bands were visualized by enhanced chemiluminescence. Rep-
Hours resentative data from two independent experiments with similar

. ) . results are shown.
Fig. 1. TNFa increases ROS levels in oligodendrocytes but decreases

levels in microglia. Enriched cultures of microglia or oligodendrocytes

were incubated for 0—48 hr with 20 ng/ml rat TdNEells were loaded shows levels of the N&B p65 subunit in nuclei of
with DCF, washed twice, and incubated in the dark for 20 min. ROS P

levels were measured 60 min later in a fluorescent plate reader atPUrified microglia and OL. In the absence of TNF, mi-
485 nm excitation and 530 nm emission. Normalized data are plotted croglia had low nuclear levels of p65 which densi-
as a percent change from baseline. Ea_ch data point represents theégmetric ana|yseS indicated were 1.9-fold higher than
mean* SEM of 5-14 wells from three independent experiments. . .
Asterisks denote means that differ significantly from the OL mean those in OL. After 30 min exposure to TNF, nuclear
at the same time point (@ 0.01). levels of p65 in microglia increased to 3.1-fold above
baseline, followed by a gradual decline to 2.9- and
) 1.5-fold increases at 60 and 120 min, and to near base-
118 = 15 for OL. Data were again plotted as percent |ine jevels by 180 min (lanes 2—6 of Fig. 3 and a repli-
change from baseline. As shown in Figure 2, TNF cate plot). In contrast, very low baseline levels of p65
slightly but consistently decreased GSH levels in OL t0 jn nyclei of OL increased 2.0-, 1.8-, and 1.2-fold 30,
17% below baseline after 48-hr. In contrast, it markedly g0 and 120 min after the addition of TNF, returning
elevated GSH levels in microglia to 112% above base- completely to baseline levels by 180 min (lanes 7-11
line during the same time period {p0.01), enhancing  of Fig. 3 and a replicate blot). As a percentage of base-
their anti-oxidant capability. _ _ line, TNF induced 58% and 66% larger increases at 30
We used Western blotting to elucidate differences gnq 60 min, respectively, in MB translocation into the
between microglia and OL in TNF-induced signaling npyclej p65 of microglia versus OL. Elevations of nu-
and upregulation of anti-oxidant proteins. Figure 3 ;jear NB above baseline were also more prolonged
in microglia, remaining increased for a full 3 hr after
exposure to TNF, versus a complete return to baseline
140 - Microghia in that same period by OL.
To determine whether differences in TNF-induced
NFkB translocation were associated with divergent up-
regulation of anti-oxidant proteins, we examined effects
of TNF and LTx on levels of Cu/Zn SOD, peroxiredox-
ins, and Mn SOD. Densitometric analyses of Cu/Zn
SOD bands (the bottom row in Fig. 4 and a replicate

204 Microglia

-30 4
-40

% Change in DCF Fluorescence

% Change in MCB Fluorescence

Oligodendrocytes blot) showed that constitutive and induced levels of this
LSRR e s ER RS L ESTS TSI I TTTTmeTosososo-o--- . . . .
0 ' e protein were approximately 1.7-fold higher in OL versus
1 12 24 48 microglia. However, neither LT nor TNF reliably in-
Hours duced changes in levels of Cu/Zn SOD in either type of

cell. Densitometric analyses of peroxiredoxin | and/or Il

Fig. 2. TNFa decreases GSH levels in oligodendrocytes but increases proteins (the middle row of Figure 4 and a replicate blot)
levels in microglia. Primary glia were plated and treated with dNF

as described in Fig. 1. Following ROS measurement, MCB was used!ndlcated th_at Ie\_lels Were apprOX|mater 9.6-fold hlgher
to measure GSH levels at 395 nm excitation and 645 nm emission.in OL than in microglia. Twenty-four hour exposure to

Normalized data are plotted as a percent change from baseline. Each T increased mean peroxiredoxin levels 86% in mi-
data point represents the meanSEM of 5-14 wells from three

independent experiments. Asterisks denote means that differ signif- croglla, while 48-hr exposure t0_ LT ar_]d TNF |ncreas§d
icantly from the OL mean at the same time poin&(.01). levels 10% and 16%, respectively, in OL. Only mi-
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Fig. 4. Microglia and oligodendrocytes differ in constitutive ando=Tor TNFa-induced levels of anti-oxidant proteins. Enriched cultures of
microglia or oligodendrocytes were incubated for 0—48 hr with 20 ng/md (L or TNFa (T). Total cellular proteins (10Q.g/lane) were
electrophoresed through a polyacrylamide gel, transferred onto a nitrocellulose membrane, and probed for Mn SOD or Culbw8®D fo
by peroxiredoxin I/1l. Protein bands were visualized by enhanced chemiluminescence. Representative data of two indepeintemisexjib
similar results are shown.

croglia expressed detectable levels of Mn SOD (the topinduce a reactive, amoeboid phenotype in microglia
row of Fig. 4 and a replicate blot), and incubation with while causing injury and apoptotic death in OL. Sec-
TNF increased levels of this anti-oxidant protein 3.5 and ond, we previously found that OL predominantly ex-
12.8-fold after 24 and 48-hr, respectively. press TNFR1 whereas microglia express both TNFR1
To determine whether TNF-induced increases in
Mn SOD protein enhanced the ability of microglia to
neutralize superoxide anions, we used the nitro-blue 101

127
p<.05

tetrazolium assay. This assay detects both Cu/Zn SOD £

and Mn SOD activity; therefore, potassium cyanide £ s ¢ ;m
was added to inhibit Cu/Zn SOD activity in selected 50 6

wells, leaving only the activity of Mn SOD. Figure 5 % |

shows that both microglia and OL expressed low basal g 4

levels of Mn SOD enzymatic activity. Corroborating the 24
observed upregulation of Mn SOD protein in Western
blots, TNF induced 7- and 5-fold increases in enzymatic by

.. . . | h h . | Cyamd - + - + - + - + - + - +
activity in microglia by 24 hr and. 48 r, re_spectlygy Hours of INF 0 ! 18 0 ” 48
(both p< 0.05). Because the majority of this activity
could not be inhibited with cyanide (meatscyanide
were not significantly different at 0, 24, or 48 hr), it is Fig. 5. TNFa increases Mn SOD activity in microglia but not in
attributable to Mn SOD. In contrast. and again corrob- oligodendrocytes. Enriched cultures of microglia or oligodendrocytes

. : . L . were incubated for 0, 24, or 48 hr with 20 ng/ml rat &NEell

orating Western data, TNF did not Slgnlflcantly induce homogenates (g protein/sample) were treated with nitro-blue

Mn SOD activity in OL. tetrazolium, with ¢) or without (=) 5 mM KCN, to determine SOD
activity. Color intensity was determined in a plate reader 20 min
later. Each data point represents the mea8EM of 6 wells from

DISCUSSION two independent experiments. P values denote means that differ

The i f hi d f f significantly from their baseline at 0 hr. Statistically nonsignificant
e Impetus for this study arose from four con- (ys) differences between the means of wells- cyanide are also

vergent lines of published data. First, TNF and LT indicated.

NS
NS
NS
NS§

Microglia Oligodendrocytes
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and TNFR2 in vitro. Third, each receptor is linked to Caenorhabditis elegans-3 (CED-3) and CPP32 proteases,
a distinct signaling pathway, and TNFR1, is known to leading to DNA fragmentation and cell death (40).
induce cleavage of caspases, leading to apoptosis. Fi-  Based on the above signaling pathways, we hy-
nally, TNF increases intracellular ROS levels, and pothesize that TNFR2 signaling in microglia causes
ROS induce OL injury. Integrating these findings, we strong NB nuclear translocation, resulting in increased
hypothesized that differential TNFR2 expression is transcription/translation of the Mn SOD gene and the
linked—by differential signaling and ROS neutraliza- increased protein levels and enzymatic activity we
tion—to the divergent effects of TNF on microglia observed. This hypothesis is supported by the fact that
versus OL. Our data support this hypothesis: TNF in- the Mn SOD promoter contains an RB consensus
duced significantly stronger and more prolonged sequence, and Mn SOD expression in other cells is in-
NFkB translocation, Mn SOD protein upregulation, creased by TNF (41). Constitutive and ROS-induced
and Mn SOD enzyme activity in microglia versus OL. Mn SOD was previously detected in microglia by im-
We found that OL do express anti-oxidants such as glu-munocytochemistry (42). Our results corroborate and
tathione, Cu/ZnSOD, and peroxiredoxins, but their extend these data, showing that Mn SOD protein lev-
levels were not increased by TNF nor were they ade-els are increased by LT and TNF. Our finding that TNF
quate to prevent TNF-induced increases in ROS levels.increases GSH levels in microglia further provides a
Elevated ROS levels in mitochondria are critical in ini- mechanism whereby harmfulL8,—generated by Mn
tiating TNF-induced apoptosis, and OL are particu- SOD dismutation ofO,—can be rapidly neutralized.
larly vulnerable to ROS in this organelle. In fact, we Mounting evidence indicates that ROS accumula-
detected neither basal nor TNF-induced Mn SOD pro- tion in mitochondria is critical in initiating apoptosis.
tein, a key scavenger of mitochondrial ROS, in OL. Mitochondria are a major source of oxyradicals be-
The net result of differential signaling and anti-oxidant cause 1-5% of electrons escape the respiratory chain
induction is that TNF increases oxyradical levels in and their direct transfer from ubiquisemiquinone to
OL but has the opposite effect on microglia. molecular oxygen generates superoxide anion (19,43).
How does differential TNF receptor expression by Increased ROS cause lipid peroxidation in mitochon-
microglia and OL lead to their dramatically different drial membranes and trigger these organelles to release
responses to TNF? Examination of the signaling path- caspase-activating proteins such as cytochro(i®).
ways for the two main receptors provides clues. TNF/ Cytochromec enhances cleavage of initiator caspases
receptor binding causes receptor aggregation and subtriggered by TNFR1 signaling, thereby expeditapmpp-
sequent formation of cytoplasmic binding sitesTdiF- tosis. TNFR2 signals strongly induce RB-transloca-
receptor-associated factors (TRAFs); TRAFs, in turn, tion into the nucleus, initiating a protective pathway
activate downstream signaling proteins. TNF/TNFR1 that counteracts events leading to apoptosis. Protection
binding activates divergent pathways directly involved is inhibited by a dominant-negativeB that prevents
in apoptotic cell death. One pathway involves the di- NF«kB nuclear translocation (44). One important element
rect cleavage and activation of a caspase cascade thaif this protective pathway is Mn SOD neutralization of
disrupts cellular structure. The other involves the up- mitochondrial ROS, underscoring the significance of our
regulation of pro-apoptotic proteins through activation Western data on TNF upregulation this enzyme in
of the transcription factor AP-1, and anti-apoptotic microglia. NFB also facilitates upregulation of other
proteins through activation of MB. TNF/TNFR2 protective proteins, including TRAF-1 and TRAF-2 and
binding primarily activates the NdB pathway. Hence,  cellular inhibitor of apoptosis-1 (clAP) and clAP-2,
TNFR1 signals simultaneously induce an apoptotic cas-which function in an additive fashion to protect cells
cade and a protective NEB cascade, whereas TNFR2 from TNF-induced injury (45). Bcl-2, Bcl-XL, and
signals primarily induce the protective NB cascade FLICE-inhibitor protein (cFLIP) might also confer pro-
(38,39). Microglia expression of TNFR2 enables them tection (46). In the future, it will be important to deter-
to upregulate protective proteins such as Mn SOD thatmine how TNF regulates these anti-apoptotic proteins
counteract the apoptotic signals transduced throughin microglia versus oligodendrocytes.
TNFR1. Lacking TNFR2, OL show less robust and Our study examined the consequences of diver-
less sustained N&B nuclear translocation in response gent patterns of TNF receptor expression in microglia
to TNF. Consequently, OL do not activate protective and OL in vitro. It is important to consider receptor
mechanisms and are acutely at risk for TNF-induced expression and responses to TNF by these cells in vivo.
oxyradical damage. In fact, the addition of TNF to Mature OL are neuroectodermally-derived stationary
OL activates interleukin-pB-converting enzyme (ICE)/  cells that extrude, concentrically wrap, and compact



TNFR2 and Oxyradical Neutralization in Glia

myelin, myelinating up to 50 axons per cell. In contrast,
ameoboid microglia are mobile phagocytic cells that se-
crete proteases, oxyradicals (e.g., N@, ), and proin-

flammatory cytokines which can directly injure OL. 11.

Like peripheral macrophages, microglia secrete TNF as
part of a defensive armamentarium, necessitating the

development of mechanisms to protect them from TNF- 12.

induced apoptosis and necrosis. In the absence of dis-
ease, mature myelinating OL are not normally exposed

to TNF and may not be equipped to neutralize its harm- 13.

ful effects. Interestingly, a recent report using knock-

out mice indicates that signals delivered throtijirR2 14.

stimulate the proliferation of oligodendrocyte progen-
itors following cuprizone-induced demyelination (47).

It will therefore be important to determine the pattern 15

of TNFR1 and TNFR2 expression and the details of
TNF-induced signaling in OL during different phases
of inflammation associated with multiple sclerosis and
its animal models.

17.
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