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The mechanism underlying demyelination in inflammatory canine distemper encephalitis is uncertain.
Macrophages and their secretory products are thought to play an important effector role in this lesion.
Recently, we have shown that anti-canine distemper virus antibodies, known to occur in chronic inflamma-
tory lesions, stimulate macrophages leading to the secretion of reactive oxygen species (ROS). To inves-
tigate whether ROS could be involved in demyelination, dog glial cell cultures were exposed to xanthine/
xanthine oxidase (X/XO), a system capable of generating O; . This treatment resulted in a specific
time-dependent degeneration and loss of oligodendrocytes, the myelin producing cells of the central
nervous system. Initial degeneration was not associated with a decrease in viability of oligodendrocytes as
judged by trypan blue and propidium iodide exclusion. Astrocytes and brain macrophages were not
affected morphologically by this treatment. Further, an evaluation of the effect of several ROS scavengers,
transition metal chelators and inhibitors of poly (ADP-ribose) polymerase suggests that a metal dependent
formation of "OH or a similar highly oxidizing species could be responsible for the observed selective
damage to oligodendrocytes.
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INTRODUCTION

The mechanisms underlying demyelination in the central nervous system of dogs
suffering from canine distemper encephalitis, an animal model for human demyelinat-
ing diseases, are still unclear. Macrophage-like cells, also referred to as microglial
cells*® and their secretory products have been suggested to be partly responsible for
the severe necrosis observed in the white matter of animals with distemper that
develop chronic inflammatory lesions.** Recently, we have shown that anti-canine
distemper virus antibodies binding to canine distemper virus infected glial cells are
able to stimulate brain macrophages in vitro, leading to the release of reactive oxygen
species (ROS), potentially harmful products.*’ It is likely that such events also occur
in vivo since canine distemper virus infected glial cells, macrophages and Ig-bearing
cells, (known to produce antiviral antibody®’) are present in close proximity in
inflammatory lesions in distemper.® Our results in vitro therefore supported the
concept of bystander demyelination in canine distemper encephalitis.® Superoxide
anion (O;) and hydrogen peroxide (H,O,) are the primary reduction products
generated by activated macrophages.’ In the presence of available transition metals
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such as iron or copper, O; and H,0, can give rise to the highly reactive hydroxyl
radical (-OH) and other ROS."® Hydroxyl radicals are known to cause considerable
tissue damage through reaction with DNA, protein and membrane lipids.'*"* The
brain has a high oxygen consumption, is rich in iron'*' and contains large amounts
of polyunsaturated fatty acids that are readily oxidized.'” Myelin, the major com-
ponent of the white matter of mammalian brain, contains 15-30% proteins and
70-85% lipids.'® Exposure of isolated myelin to ROS in vitro leads to damage to its
protein'®? and lipid.?'*

Since the above described tissue destruction associated with inflammation is predo-
minantly seen in white matter lesions in canine distemper,® the question must be raised
whether myelin, or oligodendrocytes (the myelin producing cells) are particularly
susceptible to ROS. To address this question, we have exposed primary cultures of
dog brain cells to an extracellular source of O; and examined, based on morphologi-
cal observations, the effect of this type of oxidative stress on oligodendrocytes,
astrocytes and brain macrophages, the three main cell types present in these cul-
tures.*>*2* The results obtained clearly show that oligodendrocytes, which — in
differentiated cultures — produce all myelin products and large myelin membranes®
are more susceptible to ROS than other glial cells in vitro. An evaluation of the effect
of ROS scavengers, transition metal chelators and inhibitors of poly (ADP-ribose)
polymerase, indicates that metal ion-dependent formation of -OH, or a similar highly
oxidizing species,'® seems to be responsible for the observed damage to oligoden-
drocytes.

MATERIALS AND METHODS

Dog Brain Cell Cultures

Primary cell cultures from dog cerebella were prepared as described previously.”
Briefly, cerebella from neonatal dogs were dissociated mechanically and seeded at
1-1.5 x 10®cells/ml in Petri-dishes (3003, Falcon) containing several glass-coverslips
(18 x 18 mm, Assistent) that were mounted onto the Petri-dish with silicon grease.
Cultures were maintained in Dulbecco’s modified Eagle medium (DMEM, Gibco
BRL) supplemented with 10% fetal calf serum, penicillin (250U/ml) and streptomycin
(100 ug/ml) and incubated at 37°C in a water-saturated atmosphere of 5% CO, and
95% air. Medium was changed every other day. Cells were used at day 16.

Exposure of Brain Cells to 07

After 16 days of culture, glial cells were rinsed twice with Ca** — and Mg** — free
Hanks balanced salt solution (HBSS, Gibco BRL)* before DMEM (pH 7.4) contain-
ing xanthine (X, 160 uM, Sigma) was added. Production of O; was initiated by the
addition of xanthine oxidase (XO, 4 Units/ml, Sigma) to the medium.?” Under these
conditions 2.5 + 0.5nmol O; are formed per minute as determined by the superoxide
dismutase-inhibitory reduction of ferricytochrome C.2® After an initial exposure of the
cells to O; for 1hr, some coverslips were taken from 2 separate Petri-dishes and
harvested while the remaining cells were washed once with DMEM before being
re-exposed to O; for an additional | or 5 hrs using fresh prepared X/XO containing
DMEM. Cells incubated with either DMEM, DMEM plus X, or DMEM plus XO
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served as controls. Experiments were repeated 4 times. The harvested cells were fixed
and stained for oligodendrocytes (using the monoclonal antibody (MAB) 1 6Gl
described below), astrocytes and brain macrophages. The morphological appearance
of oligodendrocytes, astrocytes and brain macrophages was evaluated light micros-
copical (using 40 x magnification) by examining 10 equally sized fields (0.24 mm?)
that were chosen arbitrarily on each coverslip. Based on repeated observations,?*
oligodendrocytes with extensive branching and well-defined cytoplasm were con-
sidered as normal whereas cells with few short processes and ill-defined cytoplasm
were regarded as degenerated. Selected coverslips were incubated in addition with
propidium iodide”(PI) and trypan blue, both accepted indicators for cell cytotoxicity.

Effect of Oxygen Radical Scavengers, Transition Metal Chelators and Inhibitors of
Poly (ADP-ribose) Polymerase

The oxidant scavengers superoxide dismutase (SOD), catalase, mannitol, thiourea
and the transition metal chelators diethylene triamine penta acetic acid (DETAPAC)
and EDTA, as well as the inhibitors of poly (ADP-ribose) polymerase were obtained
from Sigma. Poly (ADP-ribose) polymerase, an enzyme activated under certain
conditions of DNA damage can be inhibited by theophylline, 3-aminobenzamide or
nicotineamide.* Desferrioxamine (Desferal®) was supplied by Ciba-Geigy AG (Swit-
zerland). Cells in 2 separate Petri-dishes were exposed to X/XO for two times 1 hr in
the absence (control) or presence of the various scavenging compounds at concentra-
tions indicated in Table 1. After exposure, coverslips were harvested and oligoden-
drocytes (anti-MAG), astrocytes (anti-GFAP) and brain macrophages stained as
described above. Morphology of MAG-positive oligodendrocytes was judged double-

TABLE 1

Effect of oxygen radical scavengers, transition metal chelators and inhibitors of poly (ADP-ribose)
polymerase on degeneration of oligodendrocytes in dog glial cell cultures. After treatment of dog glial cell
cultures with xanthine/xanthine oxidase and oxygen scavengers. metal chelators and enzyme inhibitors,
MAG-positive oligodendrocytes were judged double-blindly and classified in three groups according to
their morphological appearance. (+) Cells that have lost their peripheral fine branching of processes,
(+ +) cells with major loss of processes and cytoplasmic protrusions, (+ + +) cell-fragments without
processes.

Scavenged species Scavenger Concentration Damage
05 SOD 100 U/ml ++
H,0, Catalase 100 U/ml ++
H,0, + O; SOD/Catalase 100 U/ml +
-OH Mannitol 50 mM +
0O Thiourea 10mM +
Theophylline 2.5mM +++
Poly(ADP-ribose) 3-Aminobenzamide 2.5mM +++
polymerase Nicotineamide 5mM ++
DETAPAC 50 uM +
Fe** Desferal® 50 uM +
EDTA 50 uM ++
None +++
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blindly and the cells classified in three groups defined as follows: (+) Cells that have
lost their peripheral fine branching of processes, (+ +) cells with major loss of
processes and cytoplasmic protrusions, (+ + +) cell-fragments or oligodendrocytes
without processes.

Antiglial Antibodies

Oligodendrocytes were visualized using two different antibodies. The human antibody
against myelin-associated glycoprotein (MAG), binds strongly and selectively to
cultured canine oligodendrocytes.”*** The murine MAB 1 6G1 (kindly previded by
Dr. M. Dumas, Inselspital, 3010 Bern) was shown previously to bind to galac-
tocerebroside” (GalC), a well established marker for oligodendrocytes.”> For the
demonstration of astrocytes, a commercially available antiglial fibrillary acidic pro-
tein (GFAP) antibody (Dakopatts) was used. To visualize astrocytes within cell
preparations that had been stained previously for oligodendrocytes with anti-MAG,
coverslips were subjected to additional staining with hematoxylin. Brain macrophages
were detected using their ability to form rosettes with IgG-coated erythrocytes.

Immunocytochemistry

At the time points indicated, coverslips from treated and untreated cultures were
harvested and the cells fixed with either 3.7% phosphate buffered formalin for 20 min
(anti-GalC) or with ethanol:acetic acid (95:5, v:v) for 5 min at — 20°C (anti-MAG and
anti-GFAP). To visualize the above mentioned markers, both the unlabeled antibody
peroxidase anti-peroxidase* (PAP) and the indirect immunofluorescence assay were
applied as described previously.** MAB 1 6G1 was combined with rabbit anti-mouse
IgG-fluorescein isothyocyanate (FITC, Cappel) whereas treatment with either anti-
GFAP or anti-MAG was followed with the corresponding second antibody-layer and
PAP using diaminobenzidine as chromogen.

Cytotoxicity Assay

Cell viability was assessed using trypan blue (47285, Serva) and propidium iodide (PI,
33671, Serva). Both substances are normally excluded by the intact cells. Pl is a poorly
fluorescent substance that upon permeabilization of cells can intercalate with DNA,
resulting in the appearance of highly fluorescent nuclei.”® PI was added to unfixed
coverslips at a final concentration of 100 umol. To visualize oligodendrocytes, some
coverslips were subjected to additional anti-GalC-FITC staining. 200 GalC-positive
cells per coverslip were counted, and the percentage showing PI uptake was cal-
culated. Trypan blue (0.5%) was added for Smin to unfixed coverslips which were
evaluated similarly.

RESULTS

Morphology of Untreated Dog Brain Cell Cultures

After 10 to 14 days of culture, dog brain cells became confluent. These cultures
predominantly contained astrocytes, oligodendrocytes, brain macrophages and very
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few neurons.***? Oligodendrocytes and brain macrophages were distributed regular-
ly as a superimposed cell layer over the entire culture (Figure 1A). Throughout
duration of the culture, 1-5% of the total cell population was identified as brain
macrophages using the rosette assay with IgG-coated erythrocytes.* About 85% of
the GalC-positive oligodendrocytes had a striking morphology, characterized by a
sharply defined cytoplasm and cell processes that were extensively branched (Figure
1A). Also superimposed, but clearly in the minority (15%) were small, round GalC-
positive cells with dense cytoplasm and fewer, unbranched processes (Figure 1A).
These latter oligodendrocytes were considered as still immature. Oligodendrocytes
stained with anti-MAG had a relatively small angular perikaryon and a limited
number of long, extensively branched cell processes (Figure 1C).

The Effect of Oxygen Radicals on Glial Cells

Formation of O; was achieved by the application of the X/XO-system.”’** Using the
standard concentrations of X and XO, O; was produced continuously over a period
of at least 60 min and at an initial rate of 2.5 + 0.5 nmol/min, as determined by the
reduction of ferricytochrome C.* For comparison, maximally stimulated human
polymorphonuclear leucocytes at a concentration of 2 x 10°/ml produce O; at a rate
of about 20 nmol/min.*® The rate of O; production with the X/XO system was
independent of whether the reaction was carried out in phosphate buffered saline or
DMEM, indicating that the latter medium does not contain compounds that react
readily with O; giving rise to secondary radicals.

Incubation of glial cells in tissue culture medium containing X/XO, resulted in a
clear time-dependent loss of the total number of oligodendrocytes per coverslip. Thus
from 27 GalC-positive oligodendrocytes present per field prior to exposure only 25,
20 and 12 GalC-positive oligodendrocytes remained after 1, 2 and 6hrs of O;
treatment, respectively (Figure 2).

After a single 1 hr exposure of cells to O , 55% of GalC-positive oligodendrocytes
were degenerated as judged by fluorescence microscopy (Figure 2). The remaining
oligodendrocytes started to show first signs of alterations. Their cell processes became
shortened and peripheral fine branching disappeared. After a second, additional | hr
of exposure to O;, 75% of the examined GalC-positive oligodendrocytes showed
clear signs of pathological degeneration (Figure 1B, D). The cell processes were
shortened or even lost. In addition, the cytoplasm appeared to contain small and
ill-defined protrusions without sharp contours. In some focal areas oligodendrocytes
had disappeared completely at this time. After 6 hrs of exposure, 85% of GalC-posi-
tive oligodendrocytes were considered as degenerated (Figure 2). In contrast, neither
the morphological appearance of astrocytes nor brain macrophages were influenced
by X/XO treatment for up to 6 hrs as judged by anti-GFAP (astrocytes) and eryth-
rocyte rosette assay (brain macrophages) (Figure 3A, B). From 200 GalC-positive
oligodendroglial cells, less than 1% were found to be PI-positive after 2 hrs treatment.
Astrocytes did not exhibit a significant change of PI-uptake compared to the control.
Comparable results were obtained when using trypan blue as an indicator for cell
injury.

Injurious Species

It is well known that O; produced by X/XO in aqueous solutions dismutates to O,
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and H, 0, either spontaneously or catalyzed by SOD. Furthermore, in the presence
of transition metals such as iron and copper, O; and H,O, can give rise to the highly
toxic +OH.'*!""*¥ To address the question whether O itself or one of the ROS
produced from it is the injurious species for oligodendrocytes, we tested the effects of
some enzymatic and non-enzymatic ROS-scavengers as well as transition metal
chelators on the X/XO-induced cell damage.

Exposure of certain cells to H,O, can cause injury through a sequence of events
initiated by DNA damage with subsequent activation of poly (ADP-ribose) poly-
merase.’ As this type of cell damage can be prevented by blocking poly (ADP-ribose)
polymerase,® we also tested the effect of the known inhibitors 3-aminobenzamide,
nicotineamide and theophylline on X/XO-mediated damage to oligodendrocytes. No
inhibitory effect was seen when glial cells were exposed to O3 in the presence of either
theophylline or 3-aminobenzamide while nicotineamide provided some protection
(Table I). A partial protective effect was observed when either SOD, catalase or
EDTA alone was present (Figure 4A). In these cases, oligodendrocytes mainly
showed a loss of cell processes and some cells had also ill-defined cytoplasm contours.
Best protection was achieved when a combination of SOD and catalase or either
mannitol, thiourea, DETAPAC or desferrioxamine alone were present (Table I).
Under these conditions oligodendrocytes showed only minor signs of degeneration
characterized by disappearance of fine branching processes only (Figure 4B). Astrocy-
tes and brain macrophages were nor affected morphologically by these treatments.

DISCUSSION

To date, only a few substances are known to exhibit toxic effects on oligodendrocytes
in vivo or in vitro such as tumor necrosis factor,** cuprizone," astrocytic cytotoxic
factor,” complement® and anti-myelin antibodies.”’ In this study, we demonstrate
that oligodendrocytes, present in large numbers in glial cell cultures prepared from
dogs, are obviously the main target for oxygen free radicals produced by the X/XO-
system. In contrast, treatment with X/XO had no effect on the morphological appear-
ance and number of other glial cells (such as astrocytes and brain macrophages) also
present in the cell culture. The PI and the trypan blue studies also showed that the
treatment with X/XO had no general cytotoxic effect within the time span of the
experiment. While oligodendrocytes were damaged primarily in their periphery (pro-
cesses), few cells actually appeared to be non-viable, when examined by staining. Cell
loss was probably due to detachment of damaged oligodendrocytes as these cells are
superimposed on the other cell types present in these cultures.”

FIGURE 1 Morphological appearance of oligodendrocytes in normal and X/XO treated dog glial cell
cultures. A: Qligodendrocytes immunostained with murine monoclonal antibody 1 6G1 (anti-GalC)-rabbit
anti-mouse lgG-fluorescein isothyocyanate in unireated normal dog glial cell cultures. Many labeled
GalC-positive oligodendrocytes can be seen with profusely branching cell processes covering large areas of
the culture, x 100. B: Oligodendrocytes after 2 hrs incubation in X/XO-containing medium. Immunostain-
ing is performed as in A. Most of the GalC-positive cells show severe signs of degeneration, x 100. CMAG-
positive oligodendrocytes in untreared control culture with sharply defined long slender branching proces-
ses. The underlaying cell layer, consisting mainly of astrocytes is faintly stained with hematoxylin, PAP,
phase contrast, x250. D: MAG-3-positive oligodendrocytes in X/XO treated culture. Immunostaining is
performed as in C. Advanced oligodendroglial damage with small cytoplasmic protrusions and loss of cell
processes. Note that the morphological appearance of the underlaying cell layer is unaltered, phase
contrast, x250.
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EFFECT OF XANTHINE/XANTHINE OXIDASE
TREATMENT ON OLIGODENDROCYTES
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FIGURE 2 Dog glial cell cultures were incubated up to 6 hrs in the presence of xanthine/xanthine oxidase
containing tisue culture medium. At the time points indicated, GalC-positive oligodendrocytes were
counted (W). GalC-positive oligodendroglial cells were classified depending on their morphogical appear-
ance. The percentage of degenerated cells (few short processes and ill-defined cytoplasm) is shown (W).
Results expressed are the means of individual determination of 10 fields on 2 coverslips derived from
different Petri-dishes.
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FIGURE 3 Morphological apperance of astrocytes and brain macrophages in X/XO treated dog glial cell
cultures. Dog glial cell cultures after treatment with X/XO for 2 hrs. Neither GFAP-positive asrocytes (A)
nor erythrocyte-positive macrophages (B, marked by arrows) are morphogically affected by this treatment,
x 100.
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FIGURE 4 Effect of oxygen radical scavengers on the X/XO-induced morphological alteration of
cultured dog glial cells. MAG-positive oligodendrocytes in X/XO-treated cultures supplemented with (A)
SOD (100 U/ml) only, or (B) SOD (100 U/ml) and catalase (100 U/ml). Immunostaining is performed as
in figure 1C. While oligodendrocytes have lost in (A) their fine branching processes, those in (B) show
nearly normal appearance. Some MAG-positive cells show degeneration (marked by arrow), phase
contrast, x 250.

It is well known that the primary product of the X/XO-system is O; and that the
superoxide anion dismutates to H,O, either spontaneously, or catalyzed by SOD."
However, neither O; nor H, 0, alone seems to be the injurious species in our system
since the presence of either SOD or catalase only slightly ameliorated the X/XO-
induced degeneration of oligodendrocytes. The much better protection observed
when SOD was present together with catalase indicates that both O, and H,0, are
required for oligodendrocyte degeneration.

In the presence of transition metals such as iron or copper, O; and H,0, can give
rise to the highly reactive -OH.'* Indeed, such a process or one similar to it, is very
likely to be involved in our experiments, since metal chelators and scavengers of -OH
provided good protection to oligodendrocytes. It is not surprising that EDTA had no
protective effect on oligodendrocytes, as glial cells can not survive for an extended
period of time without Ca*™* (C. Griot, unpublished observation).

H,0,-mediated injury to cells that derive a great part of their metabolic energy
anaerobically through glycolysis is characterized by cellular depletion of NAD and
ATP which can ultimately lead to cell death. These metabolic alterations are preceded
by an activation of poly (ADP-ribose) polymerase, a nuclear enzyme using NAD as
substrate. Inhibition of this enzyme prevents H,0,-induced injury in these cells.'>*®
However, such mechanism is unlikely the basis of X/XO-induced damage to oligoden-
drocytes observed in our studies, as neither of the poly (ADP-ribose) polymerase
inhibitors had a significant effect.
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An important question is the source and form of transition metal, most likely iron,
involved in the cytotoxic action observed in our system. We can not exclude the
possibility that iron is derived from contamination of the X/XO-containing medium.
While such source of iron would explain the inhibitory effects observed with hydroxyl
radical scavengers and iron-chelators (Table I), it can not easily explain how X/XO-
derived oxidants selectively damage oligodendrocytes within the mixed cell culture
system. Selective damage to oligodendrocytes is unlikely to be only the result of
differences in cellular contents of oxidizable targets and/or antioxidant defences as, in
contrast to the X/XO-system, exposure of dog glial cell cultures to either agueous
peroxyl radicals produced at constant rate, hydrogen peroxide or cumene hyd-
roperoxide, results in general damage to al/l cell types present (data not shown). These
observations make it more likely that oligodendrocytes themselves represent the
source of transition metal.

Oligodendrocytes seem to play a central role in iron metabolism in the brain as
iron,'*"7 transferrin and ferritin'®*“ have been shown to be present in oligoden-
drocytes of several different species. Interestingly, in rat and monkey brains, iron has
been localized cytologically in the inner loop of the myelin sheets.'* Unfortunately, the
biological form of this iron is not known. While ferritin-bound iron can function as
an in vivo source of iron to promote +OH formation from O; and H,0,,** transfer-
rin-bound iron seems to be less able to catalyze deleterious biological oxidation such
as lipid peroxidation.’’ However, the degree of iron saturation of the various iron
binding proteins is an important additional factor determining their efficiency to
promote lipid peroxidation. Furthermore, in addition to transferrin, oligodendrocytes
specifically contain carbonic anhydrase C,**? an enzyme that facilitates binding of
iron to transferrin.* It seems possible that under the conditions of high iron turnover,
the concentration of iron available to catalyze formation of -OH is also increased.
Thus, oligodendrocytes that act as target cells in our system may themselves provide
a critical factor necessary for their own destruction, much in analogy to the situation
proposed by Ward and co-workers for the oxygen radical-mediated killing of en-
dothelial cells by activated neutrophils.* These authors further proposed that O; and
H, O, may enter target cells passively, and that in subsequent events iron could be
released from intracellular iron stores to become ‘“‘available” to form hydroxyl
radical. It is also possible that such “‘available” iron is accessible to iron chelators
present outside the cells, a process that may be aided by close association of chelators
with the target cells, as discussed in the case of Desferal® and endothelial cells.** These
hypothetical events would explain the protective effects observed with DETAPAC
and Desferal® (Table I). Therefore, iron available for the production of *OH together
with large amounts of easily oxidizable myelin sheets (which are produced by ol-
igodendrocytes in vitro®) may render these cells particularly vulnerable to oxidative
damage. In contrast, astrocytes have the capacity to release pyruvate,” a non-enzy-
matic scavenger of H,0,, suggesting some protection of these cells against oxidants.
However, such protection seems to be of limited duration as long term incubation
with X/XO (more than 3 days) leads to destruction of the entire cell culture, including
astrocytes (data not shown).

Our observations are compatible with the hypothesis that macrophages are impor-
tant effector cells in demyelination.*>” We have shown recently that in cultured dog
glial cells infected with canine distemper virus, antiviral antibodies can activate
macrophage-like cells to produce luminol-dependent chemiluminescence,** a process
likely to result mainly from the production of O; by these cells.***” Thus, production
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of reactive oxygen species by activated macrophages together with high sensitivity of
oligodendrocytes towards these oxidants may contribute significantly to the destruc-
tion of myelin in dogs suffering from chronic inflammatory canine distemper ence-
phalitis and probably in other inflammatory demyelinating diseases. The exact bio-
chemical mechanism of the observed selective oligodendroglial damage needs further
investigation which will perhaps ultimately provide data for therapeutic intervention
of brain damage in encephalitis caused by ROS.
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