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Abstract In order to further characterize the still
unknown mechanism of cuprizone-induced demyelin-
ation, we investigated its effect on rat primary oligo-
dendroglial cell cultures. Cell viability was not
significantly affected by this treatment. However, when
concentrations of IFNy and/or TNFo having no dele-
terious effects per se on cell viability were added
together with cuprizone, cell viability decreased signif-
icantly. In mitochondria isolated from cuprizone-
treated glial cells, we observed a marked decrease in
the activities of the various complexes of the respira-
tory chain, indicating a disruption of mitochondrial
function. An enhancement in oxidant production was
also observed in cuprizone and/or TNFa-treated oli-
godendroglial cells. In in vivo experiments, inhibition
of microglial activation with minocycline prevented
cuprizone-induced demyelination. Based on the above-
mentioned results we suggest that these microglial cells
appear to have a very active role in cuprizone-induced
oligodendroglial cell death and demyelination, through
the production and secretion of pro-inflammatory
cytokines.
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Introduction

The effects of Bis-(cyclohexanone)-oxaldihydrazone
(cuprizone, CPZ) on weanling rodents provide a
protocol for toxic demyelination in which degenera-
tion of oligodendrocytes precedes disruption of the
myelin sheath. Samples taken from rodent brains
during the time-course of CPZ intoxication exhibit
ultrastructural signs of oligodendrocyte degeneration,
prior to the vacuolation of oligodendrocytes and
myelin sheaths [1, 2], and declines in the mRNAs of
myelin proteins [3]. Investigators from at least three
laboratories observed enlargement of mitochondria in
oligodendrocytes in the brains of CPZ-treated rodents
[4-6]. In these animals, copper, which is an essential
component of the mitochondrial enzyme cytochrome
oxidase, was found to be around 50% of normal and
the reaction rate of cytochrome oxidase around 77%
of normal [7, §].

The administration of CPZ also produces a rapid
proliferation and accumulation of microglia/macro-
phages in the corpus callosum, one of the main
targets of CPZ, previous to demyelination [9]. TNFa
is a multipotent pro-inflammatory cytokine. Acting
through TNFRI1 it is believed to mediate cell death
while when its action is exerted through TNFR?2, it is
known to enhance cell death or cell growth and
proliferation, depending on the type of cell. In the
CNS, microglia and astrocytes are the main producers
of TNFa. Conflicting results have indicated either an
exacerbating or an ameliorating role of TNFao during
experimentally induced brain trauma [10] and in a
murine model of multiple sclerosis [11, 12].

Inflammation and an increase in the levels of TNFo
and IFNy induces apoptosis in a dose-dependent
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manner in two human oligodendroglial cell (OLGc)
lines such as HOG and MO3.13 and it has been shown
that their effects on cell death are synergistic [13]. In
vitro studies have demonstrated a cytotoxic role for
TNFa on oligodendrocytes [14, 15].

Cammer [16] showed that CPZ treatment of oligo-
dendrocyte-enriched glial cell cultures or of mixed glial
cell cultures from neonatal rat brains for 1 h, inhibited
the maturation of oligodendrocytes and appeared to
affect their mitochondria, without diminishing the
number of precursors. As far as we know, this is the
only work in which the direct effect of CPZ on OLGc
cultures has been investigated and it should be stressed
that in spite of the many studies related to the
deleterious effects of CPZ on OLGcs, we are still
quite far from knowing which are the mechanisms
involved in its action.

In the present study we investigated the effects of
CPZ added to rat primary OLGc cultures. We found
that the mechanism through which CPZ induces
demyelination does not seem to be due to a direct
action of the neurotoxic on the myelin-forming cells.
On the other hand, addition of CPZ to these cultures
together with TNFa and/or IFNy produced a marked
increase in cell death. These results suggest that CPZ-
induced myelin damage appears to be mediated by
certain molecules such as TNFao and IFNy which are
secreted by the surrounding cells: microglia/macro-
phages. We also observed that CPZ treatment induces
a diminished activity of mitochondrial complexes in
OLGcs, with the consequent decrease in energy
production and an increase in the output of oxidants.
Based on these data, we hypothesize that the mecha-
nism through which CPZ induces demyelination could
be due to a decrease in energy production by OLGc
mitochondria and an increase in the production of
oxidants, leading to the recruitment of microglia/
macrophages, which through the secretion of high
levels of inflammatory cytokines could finally induce
OLGc death. The experiments in which we investi-
gated the neuroprotective effect of minocycline on
mice submitted to CPZ-induced demyelination give
strong support to our predictions.

Experimental procedure
Materials
All chemicals used were of analytical grade and were

obtained from Sigma Chem. Co. (St Louis, MO).
Dulbecco’s modified Eagle’s medium, Ham’s F12
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(DMEM/F12) and Hank’s solution was from Hyclone
(Logan, UT). Bovine insulin, progesterone, putrescine,
sodium selenite, T3, penicillin, streptomycin, poly-L-
lysine, transferrin, trypsin, MTT (3-(4,5-Dim-
ethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide),
CPZ, Ac-DEVD-AMC, Ac-DEVD-CHO, Hoechst
33342, 2,3-dimethoxy-6-methyl-1,4-benzoquinone, rote-
none, cytochrome c¢, NADH, succinate, propidium
iodine and minocycline were obtained from Sigma (St.
Louis, MO). Anti-MBP antibody was a generous gift
from Dr. Anthony Campagnoni (Mental Retardation
Research Center, University of California at Los
Angeles). Anti-CD11b was obtained from Chemicon
Int. (Temecula, CA) and anti-NF«xB (p65 subunit) was
purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). Cycletest™ Plus DNA Reagent Kit was
from Pharmingen-Becton Dickinson, Co (San Diego,
CA). BrainStain Imaging Kit and 5(or 6)-carboxy-27’-
dichlorodihydroxyfluorescein diacetate (DCDCDHEF)
were obtained from Molecular Probes (Eugene, OR).
Fluorsave was from Calbiochem (La Jolla, CA).

Animals

Newborn Wistar rats were used to obtain cell cultures
for in vitro studies (see below). For in vivo experi-
ments, eight-week-old male Swiss mice, weighing
around 30 g were used throughout. In both cases,
animals were housed in groups of four animals under
controlled temperature (22 + 2°C) in an artificially lit
animal room under a 12-h cycle period and fed with
water and food ad libitum.

Oligodendroglial cell cultures

Primary cultures of OLGcs were performed basically
as described by McCarthy and de Vellis [17]. Cerebral
hemispheres were dissected out from newborn rats,
freed of meninges, and dissociated by gentle repetitive
pipetting in a mixture of DMEM and Ham’s F12 (1:1 v/
v) containing 5 pg/ml streptomycin and 5 U/ml peni-
cillin, supplemented with 10% fetal calf serum (FCS).
The cell suspensions were seeded in poly-L-lysine-
coated 75-cm? tissue culture flasks. After 14 days in
culture, microglia was separated by shaking the flasks
for 30 min in an orbital shaker at 150 rpm/min and
OLGcs were separated from astrocytes by continuous
shaking for 24 h at 240 rpm/min. The cell suspension
obtained was filtered through a 15-pm mesh filter and
then centrifuged at 1,500 rpm for 10 min. Oligoden-
drocyte progenitors were grown for 48 h in a medium
containing 1/3 B104 conditioned medium and 2/3 of
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unconditioned glial defined medium (GDM: DMEM/
F12 supplemented with glucose 4 g/l, NaHCO; 2.4 g/,
insulin 25 mg/l, putrescin 8 mg/l, transferrin 50 mg/l,
T3 9.8 ng/l, progesterone 20 nM, sodium selenite 8 pg/
1, and biotin 10 pg/1) [18] plus 0.5% FBS and plated on
poly-L-lysine-coated Petri dishes (2 x 10° cells per
dish) for biochemical studies or on poly-L-lysine-coated
coverslips placed in multiwell plates (25 x 10° cells per
well) for morphological and immunocytochemical
studies. Cell cultures, evaluated quantitatively with
04, anti-neurofilaments and anti-GFAP antibodies
were 95% pure.

Astrocyte cultures

Astrocytes were also prepared from newborn rat
cerebral tissue as described by McCarthy and De
Vellis [17]. Cerebral hemispheres were dissected out
and processed as described above. After 14 days in
culture, astrocytes were separated from microglia and
oligodendrocytes by continuous shaking at 240 rpm/
min during 24 h, in an orbital shaker. To ensure the
complete removal of all oligodendrocytes and micro-
glia, shaking was repeated once more after 1 or 2 days.
Attached cells were trypsinized (1% trypsin in Hank’s
solution for 10 min), and after neutralizing with FCS,
the cells were suspended in GDM [18] and distributed
into Petri dishes for biochemical studies, or on poly-L-
lysine-coated round coverslips placed in multiwell
plates, for morphological and inmunocytochemical
studies. The cells, that were around 95% pure, were
kept in GDM for 24 h before treatment. Flat, round
polygonal and elongated cells that were GFAP positive
were identified as astrocytes.

Cell viability

The MTT survival assay was performed as described
by Mosmann [19]. MTT was dissolved in PBS (5 mg/
ml) and sterilized by passage through a Millipore
filter (0.22 pm). This solution was added to the wells
containing cultured cells, and the microplate was
incubated at 37°C for 45 min. Viable cells with active
mitochondria cleave the tetrazolium ring into a visible
dark blue formazan reaction product. After the
addition of SDS (5% final concentration in 0.05 M
HCI per well) to stop the reaction, the product was
quantified by spectrophotometry at 570 nm (six
samples for each experimental condition). Since
CPZ absorbs light at this wavelength, we corrected
the values obtained by subtraction of the absor-
bance of CPZ at the concentration present in the
sample.

Assay of caspase-3 activity

Caspase-3 activity was determined in lysates of cul-
tured cells using the assay which depends on the
cleavage of a fluorogenic synthetic tetrapeptide,
Ac-DEVD-AMC specific for caspases. The levels of
relative fluorescence of the liberated product (AMC)
were measured on a Kontron spectrofluorometer, using
a Aexcitation Of 380 nm and a Acmission Of 430 nm. The
blocking reaction was carried out adding the specific
caspase-3 inhibitor Ac-DEVD-CHO. Results were
normalized against the protein concentration of the
cell lysate.

Immunocytochemistry

Cultured OLGcs were fixed for 2 h in 4% paraformal-
dehyde (PFA) in PBS at room temperature and then
treated with 1% glycine in PBS for 15 min. When
permeabilized OLGcs were used, they were incubated
in 0.1% Triton X-100 in PBS for 15 min. Samples were
blocked with 1% BSA in PBS for 2 h at 37°C and
incubated overnight at 4°C with the primary antibody
anti-NFxB (p65 subunit) (1/100). The coverslips were
rinsed and incubated with anti-rabbit (1/500) fluores-
cent antibody. After immunostaining, nuclei were
stained with the fluorescent dye Hoechst 33342 (5 pg/
ml in 1% DMSO) [20]. The cell preparation
was washed, mounted in Fluorsave, and analyzed by
UV light microscopy. Microscopic observations were
done by epifluorescence with an Olympus BXS50
microscope.

Quantitative analysis of the cell cycle by flow
cytometry

Control and treated OLGces were harvested in their
culture medium, pelleted by centrifugation at 500g for
5 min, rinsed with PBS, and used for the quantitative
analysis of the different stages of the cell cycle using
the Cycletest™ Plus DNA Reagent Kit mentioned
above, as instructed by the manufacturers. Flow
cytometry was carried out using the Mod Fit LT cell
cycle analysis software (Verity Software, Topsham,
ME).

Isolation of mitochondria from glial cell cultures

Confluent mixed glial cell cultures from 75-cm? flasks
were used for this purpose. Cells were harvested using
0.25% trypsin, with cells from at least six flasks pooled
to generate a single sample. Cells from at least three
separate preparations obtained on different days were
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utilized to generate data in the present report. Follow-
ing the addition of trypsin, the cells were pelleted by
centrifugation at 300g for 5 min at 4°C. All the
subsequent steps were performed on ice or at 4°C.
The mitochondrial fraction was obtained by differen-
tial and gradient centrifugation of the cellular pellet, as
described by De Robertis et al. [21] and assay of
different mitochondrial activities were done immedi-
ately following their isolation.

Activity of mitochondrial complexes

The activities of mitochondrial complexes were eval-
uated on the purified mitochondrial fraction obtained
as described above. Complex I activity was measured
determining the decrease in NADH absorbance at
340 nm, which leads to the reduction of benzoquinone.
The activity was determined using the rotenone sen-
sitive rate. Complex I-III was determined measuring
the increase in absorbance at 550 nm by the reduction
of cytochrome ¢ using NADH as substrate. Complex
II-11I was measured using succinate as substrate by the
reduction of cytochrome c at 550 nm [22].

Determination of oxidants

The level of oxidants was evaluated using the probe
DCDCDHEF. This probe interacts with oxidant species
and can be visualized by its fluorescence. Cells
submitted to the different treatments were preincubat-
ed with DMEM containing 50 puM of DCDCDHEF.
After 30 min at 37°C, cells were washed with PBS and
then incubated in PBS containing 0.1% Igepal. After
30 min incubation with regular shaking, the fluores-
cence was measured at 525 nm (Aexcitation 475 nm).
Determination of DNA content was done adding to
the sample 50 pM propidium iodine. Fluorescence was
determined at Jeycitation 938 NM;  Aemission 990 nm.
Results are expressed as percentage relative to control,
of the fluorescence ratio between DCDCDHF/propi-
dium iodine.

In vivo experiments

To induce demyelination, mice were fed a diet
containing 0.2% (w/w) CPZ for 3-6 weeks, following
the procedure previously described by Matsushima and
Morell [23]. Age-matched control animals were main-
tained on the same diet without CPZ. At the end of
CPZ treatment, animals were used for further studies.

A group of mice was used to evaluate the effects of
minocycline on CPZ-induced demyelination. After one
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week under CPZ treatment, intoxicated mice were
intraperitoneally injected with minocycline, according
to the following protocol: 50 mg/kg, twice daily for the
first two days, then 50 mg/kg once daily the next five
days, and 25 mg/kg per day thereafter [24]. Animals
were killed at 5 weeks of CPZ feeding and minocycline
treatment and used for histological and immunohisto-
chemical studies.

Another group of animals was used to analyze
mitochondrial activities as described above. For these
experiments, mice were fed CPZ for 3 or 6 weeks.
Total brain homogenates obtained from these animals
were used to isolate the purified mitochondrial fraction
by differential and gradient centrifugation as described
by De Robertis et al. [21].

Preparation of the tissues and microscopic
examination

For microscopic observations, we used 4—-6 animals per
group. Animals were anesthetized with ethyl ether and
perfused through the left ventricle of the heart with
30 ml of PBS followed by a 4% solution of PFA in
PBS. The brains were carefully dissected out and post-
fixed in the same solution overnight, followed by
thorough washing in PBS and cryoprotection in 15%
and 30% sucrose in PBS for 24 h. The tissue was then
frozen and used to obtain 20 um cryostat coronal
sections using a Leica CM 1850 cryotome. The sections
obtained from different areas of the brain and from the
various experimental groups were mounted onto gel-
atin-precoated glass slides.

Microscopic observation was done by light micros-
copy or by epifluorescence using an Olympus BX50
microscope. Photography was carried out with a
CoolSnap digital camera and the Image Pro Plus
software (version 5.5) was used for image analysis.

Immunohistochemistry

For immunohistochemistry, cryotome sections were
rinsed twice with PBS (pH 7.4) followed by PBS
0.025% Triton X100 (only for cytosolic antigens) and
then blocked overnight with a solution containing
3% BSA plus 2% FCS in PBS. Incubation with the
primary antibodies was done overnight at 4°C. The
primary antibodies used were anti-MBP (1/100) and
anti-CD11b (1/100). The sections were then incubated
with a fluorescent-conjugated anti-rabbit or anti-mouse
secondary antibody (Cy2) for 90 min at 37°C. Prepa-
rations were mounted in Fluorosave and examination
was done as mentioned above.
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Myelin staining

Two different procedures were used to stain myelin in
cryosections: Sudan Black and a fluorescent staining
procedure. For Sudan Black staining, sections were
post-fixed for 5 min in 70% ethanol before immersion
in a solution of Sudan black in 70% ethanol for 30 min.
Excess stain was removed by washing with 70%
ethanol. Preparations were mounted and examination
was done as mentioned above. For the fluorescent
staining we used the BrainStain Imaging Kit recently
developed by Molecular Probes which uses FluorMy-
elin Green to selectively label myelin, DAPI to stain
nuclei and Neurotrace 530/615 to stain neuron cell
bodies (Nissl substance). Since for our purposes,
staining of neurons was unnecessary, we only used
the first two dyes as suggested by the manufacturers.
The kit was used according to their instructions. The
stained sections were mounted in Fluorsave and
examination was done as mentioned above.

Statistical analysis

The Student t-test was used for the statistical analysis.
A P < 0.05 was considered statistically significant.
Data are given as means + SEM.

Results

Figure 1A shows that after 24-72 h of treatment with
concentrations of CPZ up to 1,000 uM, viability of
OLGecs in culture was not significantly affected in
comparison to controls. In order to find out if astro-
cytes had any role or influence in the OLGc death
observed in in vivo CPZ intoxication, experiments
were done in which astrocyte cultures were first treated
with different concentrations of CPZ for 24 h. The
supernatant obtained from these cultures was then
used to treat OLGecs cultures. The assay was done in
the presence or absence of 1,000 uM CPZ. Figure 1B
shows that no changes in cell viability were observed
under these conditions.

Since as mentioned before, CPZ treatment in vivo
produces a rapid proliferation and accumulation of
microglia/macrophages in the affected areas, cells
which are known to produce cytokines, we decided to
investigate if CPZ-induced myelin damage was ulti-
mately mediated by certain molecules such as TNFa
and IFNy which are secreted by the surrounding cells.
When these cytokines were added to OLGc cultures
for 72 h at concentrations between 0 ng/ml and 50 ng/
ml, which according to our preliminary studies do not

affect cellular viability significantly, together with
1,000 uM CPZ, there was a significant decrease in cell
viability (Fig. 1C).

In order to evaluate the proliferative state of the
OLGcs, the cell cycle of cells treated with either CPZ
and/or inflammatory cytokines was analyzed by flow
cytometry. In the presence of IFNy and/or TNFa or in
the presence of CPZ alone, there was a 35% increase
in the percentage of cells in the S phase, which was
greater when the culture was carried out in the
presence of the cytokines plus CPZ (46%) (Table 1).

Since several mitochondrial alterations have been
described during CPZ intoxication, we decided to
explore the activities of complex I, I-IIT and II-III of
the mitochondrial respiratory chain in mitochondria
isolated from brains of mice submitted to CPZ intox-
ication for different times as well as in mitochondria
isolated from glial cell cultures previously treated with
1,000 pM CPZ during 72 h. The results show that in
the mitochondria isolated from brains of mice submit-
ted to CPZ intoxication for 3 and 6 weeks, there was a
significant decrease in the activities of Complex I plus
III (Fig. 2A) and Complex II plus III (Fig. 2B) of the
respiratory chain. Similar results were obtained in the
activities of Complex I (Fig. 2C) and Complex I plus
IIT (Fig. 2D) of the respiratory chain in mitochondria
isolated from glial cell cultures treated for 72 h with
1,000 M CPZ.

Production of oxidants was evaluated using the
probe DCDCDHEF. This probe crosses the membrane
and after oxidation is converted into a fluorescent
compound. In cells treated with TNFo or CPZ alone,
there was a significant increase in oxidants relative to
controls. In the presence of both TNFa and CPZ the
increase was much higher. On the contrary, when IFNy
was assayed alone or together with CPZ, the produc-
tion of oxidants was similar to controls (Fig. 3).

Mitochondrial-derived reactive oxygen species
(ROS) have been proposed to be instrumental in
initiating apoptosis. Increased ROS production causes
lipid peroxidation in mitochondrial membranes and
triggers these organelles to release caspase-activating
proteins such as cytochrome c. In order to evaluate
whether this phenomenon was induced in OLGeces
treated with CPZ plus TNFa and/or IFNy and taking
into consideration that several apoptotic pathways
converge in the activation of caspases, we evaluated
the activity of caspase-3 in treated OLGc cultures. Our
results show a significant activation of this enzyme in
cells treated with CPZ plus TNFo and/or IFNy,
suggesting that cell death in our experimental
design is induced by a caspase-dependent pathway
(Fig. 4).

@ Springer



Neurochem Res

A 0.3+
= —
g . S -y I S = .
5 02-
®
@
(%]
c
8 01-
[
o
w
o
<
0.0 - 1 1 1 T i 1 T 1 1 I
0 1 5 10 25 50 75 100 150 250 500 1000
uMCPZ
B 025~ CIGDM [GDM + 1000 uM CPZ
T 0.20- a
o
~
® 0.15-
]
g
c 0.10-
£
2 0.05-
o
<
0.00 -
100 250 500 1000
CPZ concentration in the treatment of astrocytes
C—JControl C3CPZ
C 05- _.T_ iy 2 i
= - ns : T . ns
s 04 = T = = T
5 * 8 ns X . *
® 034 ns
Q dedeke
% 024 ke "k
a2
o
2 041
<
4 S S N N ) o ) N ) )
Qx !\x 0 9 igx x“" xq' Qx ) x"
Q.Q QKQ QNSQ Vv Q rf".! o Ny &
Q.

IFNy + TNFo. (ng/ml)

Fig. 1 (A) Effect of different concentrations of CPZ on OLGc
viability. OLGcs were incubated in serum-free GDM for 2 h,
then treated with different concentrations of CPZ for 72 h. Cell
viability was determined by the MTT assay as described in
Experimental Procedure. Values are the means + SEM of three
independent experiments (six replicates per experiment). Statis-
tical differences were nonsignificant. (B) OLGec viability in
cultures treated with astrocyte-conditioned media. Cultured
astrocytes were treated with different concentrations (0-
1,000 M) of CPZ. The supernatant obtained from these cultures
(conditioned media) was used to treat cultured OLGcs during
72 h. The assay was done in the presence (gray bars) and absence
(white bars) of 1,000 uM CPZ. Cell viability was determined by
the MTT assay as described in Experimental Procedure. Values

TNFRI1 signals, which are predominantly expressed
by OLGecs, induce both an apoptotic cascade and a
protective NFxB-dependent cascade, whereas TNFR2
signals, expressed together with TNFR1 by microglia,
primarily induce the protective NFxB cascade. We
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are the means + SEM of three independent experiments (six
replicates per experiment). Statistical differences were nonsig-
nificant. (C) Effect of different concentrations of TNFa and/or
IFNy in the presence or absence of CPZ on OLGec viability.
OLGcs were incubated for 72 h with different concentrations of
cytokines in the presence (gray bars) or absence (white bars) of
1,000uM CPZ. Cell viability was determined by the MTT assay
as described in Experimental Procedure. Values are the
means + SEM of three independent experiments (six replicates
per experiment). Statistical differences: *P < 0.05, **P < 0.01,
##%P < (0.001 relative to control plus cytokine. ns: nonsignificant.
*P < 0.05, ***P <0.001 relative to control without CPZ or
cytokine

evaluated the expression of NFxB and its localization
in controls, CPZ, TNFa, and CPZ plus TNFa-treated
OLGec cultures by immunocytochemistry (Fig. 5). A
strong positive immunostaining was observed in
OLGcs exposed to CPZ or TNFa alone, but in
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Table 1 Analysis of the cell cycle in OLGcs treated with CPZ and/or TNFo and/or IFNy

Sample Go-G1 G2-M S P value G2-G1
GDM 89.7 + 43 411+ 1.5 6.2 + 0.6 - 2.00
CPZ 879 £ 4.6 3.52 £ 0.9 8.6+13 0.0440 2.02
IFNy 88.8 + 5.1 318 + 1.1 8.0 + 0.90 0.0449 2.01
TNFo 872 £ 6.1 412 £ 0.8 8710 0.0206 2.02
TNFa + IFNy 883 + 4.2 3.88 +0.9 7.8 +0.7 0.0397 2.00
CPZ + IFNy 86.9 £ 6.2 37712 93 +0.9 0.0077 2.01
CPZ + TNFa 872 +32 41513 8.6 £ 0.9 0.0184 2.01
CPZ + TNFua + IFNy 875+ 64 323+£1.0 92+ 1.1 0.0143 2.01

The cell cycle of OLGcs treated for 24 h with either CPZ (1,000 uM) and/or TNFa (50 ng/ml) and/or IFNy (50 ng/ml) was evaluated
by flow cytometry. Results are expressed as percentage of cells in the different phases of the cell cycle. Values are the means + SEM of
three independent experiments. Statistical differences in the S phase were evaluated relative to GDM (control). P < 0.05 was

considered statistically significant

Fig. 2 Activities of Complex
I-11I (A) and II-III (B) of the
respiratory chain evaluated in
mitochondria isolated from
total brain homogenates
obtained from mice fed with
CPZ for 3 or 6 weeks and
controls. Values are the
means + SEM of three
independent experiments
(three replicates per
experiment). Statistical
differences: *P < 0.05.
Activities of Complex I (C)
and I-IIT (D) of the
respiratory chain evaluated in
mitochondria isolated from
glial cultures treated with
1,000 uM CPZ during 72 h.
Values are the means + SEM
of three independent
experiments (three replicates
per experiment). Statistical
differences: *P < 0.05
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comparison with the staining observed in the control
cells, the strongest immunostaining was detected when
the cells were incubated in the presence of both CPZ
plus TNFo. In these situations, we observed that there
was translocation of NFxB to the nucleus in a
percentage of cells, suggesting that there was an
activation of this factor.

With reference to the in vivo experiments, we found
that in mice intoxicated with CPZ that were treated
with minocycline, demyelination of the corpus callo-
sum evaluated by Sudan Black (Fig. 6), fluorescent
staining with the BrainStain Imaging Kit (Fig. 7), and
by MBP immunostaining (Fig. 8), was much less than
in the untreated controls. To investigate the mecha-
nisms involved in the protective effects of minocycline,
we examined microglial activation by inmunostaining
with CD11b (MRC OX42) which recognizes both
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resting and activated microglia. We found that the
number of CD11b positive cells was much smaller in
the treated animals than in their respective controls,
suggesting that this antibiotic is inhibiting microglial
activation (Fig. 9).

Discussion

It is well known that feeding young adult mice with
CPZ for a few weeks produces a massive demyelina-
tion in certain areas of the brain, particularly in the
corpus callosum [4, 6, 23]. In the present study we
carried out two different types of experiments in order
to further characterize the mechanisms through which
CPZ induces OLGc damage and demyelination. For
the in vivo experiments, in which we analyzed the
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Fig. 4 Determination of caspase-3 activity on OLGecs treated
with CPZ (1,000 pM) or TNFa (50 ng/ml) or IFNYy (50 ng/ml) for
72 h. Values are the means + SEM of three independent
experiments (three replicates per experiment). Statistical differ-
ences: *P < 0.05, **P < 0.01 relative to control. ns: nonsignifi-
cant

effects of CPZ intoxication on isolated brain mito-
chondria as well as the effect of treatment with
minocycline on the prevention of CPZ-induced demy-
elination, we used young adult mice fed CPZ as
described by Matsushima and Morell [23]. In the
second set of experiments, in which we analyzed the in
vitro effects of CPZ on OLGc primary cultures, we
used rat brains, since mouse brains are well known to
give a very low yield of OLGcs in culture, making it
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necessary to use a large number of animals in order to
obtain reasonable amounts of material. Within this
context it should be mentioned that although several
studies indicated that the demyelination produced by
CPZ is only observed in mice, we have recently shown
that feeding 21-day-old Wistar rats with a diet con-
taining 0.6% CPZ is effective in producing clear
biochemical and histological evidences of demyelina-
tion [25], similar to those described in mice.

In spite of the many studies related to the effects of
CPZ, the mechanism(s) through which this drug
induces demyelination are not well known. CPZ is
known to act as a copper chelator and it has been
assumed, although not proven, that in the animals fed
with this toxic, binding of copper, which results in
copper deficiency, is responsible for demyelination. It
is interesting to point out that damage to other cells in
the CNS is not observed.

As far as we know, the only study related to the in
vitro effect of CPZ was done by Cammer [16] who
showed that CPZ treatment of OLGc-enriched glial
cell cultures or mixed glial cell cultures from neonatal
rat brains induced morphological evidences of damage
to OLGc mitochondria and inhibited maturation of the
precursor OLGcs present in the culture.

Regarding the effects of CPZ on OLGc cultures, it
was surprising to find out that in spite of the high doses
of CPZ added to the OLGc cultures (up to 1,000 uM)
and the long incubation time (up to 72 h), their
viability was quite similar to that of untreated controls.
Although one possible explanation for these negative
results could be that in these experiments, the action of
CPZ was not sustained for long periods, as occurs in
the in vivo studies, they prompted us to investigate
whether OLGc damage produced by CPZ when used
in vivo, could be mediated by astrocytes through the
release of deleterious metabolic products or other
substances. The lack of action of the astrocyte condi-
tioned media on the viability of OLGc in the exper-
iments in which we incubated OLGces with the
supernatant obtained from astrocyte cultures pretreat-
ed with CPZ, indicated that astrocytes did not appear
to mediate OLGc damage by CPZ.

CPZ-induced demyelination is characterized by a
robust microglia/macrophage response [9] and these
cells are known to produce cytokines of the tumor
necrosis factor (TNF) family, which are agents that
have been implicated in the pathogenesis of CNS
demyelinating diseases. Arnett et al. [26] showed that
this cytokine was undetectable in the brain of
untreated mice, but was upregulated during the course
of CPZ-induced demyelination. The expression of
TNFa was primarily detected in cells identified as
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Fig. 5 Immunocytochemical
analysis of NFxB (p65
subunit, red) and nuclear
staining with Hoechst 33342
(blue) in OLGecs treated with
CPZ and/or TNFa for 72 h.
Arrows indicate NFxB
reactivity in the nuclei. Scale
bar corresponds to 8.2 um.
Note: For interpretation of
the references to color in this
figure legend, the reader is
referred to the online version
of this article

CPZ+TNFa

microglia and also in astroglial cells. TNFo, acting
through TNFR1 is believed to mediate apoptosis, while
when its action is exerted through TNFR2, it is known
to enhance cell death or cell growth and proliferation
[26].

The cells most heavily affected by neuroinflamma-
tion are oligodendrocytes. A large body of evidence
suggests that cytokines, such as IFNy and members of
the TNF death ligand family (TNF/CD95L/NGF), are
responsible for their degeneration [27-29]. Elevated
levels of TNFa and IFNy and their mRNAs in the
blood and in the CSF often correlate with disease
severity in MS [30-32].
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TNF-family cytokines do not affect all types of glial
cells uniformly. For example, TNFa stimulates astro-
cyte proliferation in vitro [33], proliferation of microg-
lial cells co-cultured with astrocytes [34-36] and
enhances microglia IL-1b-induced proliferation and
IFNy-induced nitric oxide production [37]. In contrast,
in oligodendrocytes it has injurious effects such as
inhibition of protein phosphorylation and process
extension [38] and demyelination [39]. One way in
which TNFa could differentially affect OLGcs is by
altering their generation and/or neutralization of
oxidant species. TNFa is known to disrupt the electron
transport chain in mitochondria [40] initiating the
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Fig. 6 Sudan Black staining
of myelin in brain coronal
sections obtained from mice
intoxicated with CPZ, treated
with minocycline and
controls. Figure shows a
section of the body of the
corpus callosum.
Abbreviations as in Fig. 9.
Scale bars correspond to

150 um. Note: For
interpretation of the
references to color in this
figure legend, the reader is
referred to the online version
of this article
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Fig. 7 Staining of myelin and cell nuclei using the BrainStain
Imaging Kit (see Experimental Procedure) in brain coronal
sections obtained from mice intoxicated with CPZ, treated with
minocycline and controls. Figure shows a section of the body of
the corpus callosum. Abbreviations as in Fig. 9. Scale bars
correspond to 150 pm. Values are expressed as IOD and are the

formation of superoxide anions, and mitochondria-
derived oxidants are proposed to be instrumental in
initiating apoptosis [41].

Rat microglia express both TNFR1 and TNFR2 in
vitro, whereas OLGcs predominantly express TNFR1
[36]. The differential expression of TNF receptors and
of the associated signaling pathways contributes, via
differential oxidant species generation and/or neutral-
ization, to the relative vulnerability of OLGcs to
TNFo-induced injury. TNFo induced significantly
stronger and more prolonged NFxB translocation,
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three

means + SEM  of
replicates per experiment). ***P < 0.001 with reference to C.

independent experiments (three

P <0.001 with reference to CPZ. ns: nonsignificant.
Note: For interpretation of the references to color in this figure
legend, the reader is referred to the online version of this article

Mn SOD protein upregulation, and Mn SOD enzyme
activity in microglia than in OLGecs.

The results show that CPZ does not significantly
affect OLGc viability. However, when TNFo and/or
IFNYy, at concentrations that have no harmful effects
per se on cell viability, are added together with CPZ to
the cultures, survival is significantly affected. These
results suggest that these inflammatory cytokines could
play a role in OLGc damage induced by CPZ.

Chew et al. [42] have demonstrated that under
conditions of thyroid hormone-mediated oligodendro-
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Fig. 8 MBP
immunoreactivity in brain
cryostat coronal sections
obtained from mice
intoxicated with CPZ, treated
with minocycline and
controls. Quantitative
analysis of the sections was
carried out using the Image
Pro-Plus software and
integration of the optical
density (IOD) for MBP
immunostaining was done as
described in Fig. 9. Values are
expressed as IOD and are the
means + SEM of three
independent experiments
(three replicates per
experiment). ***P < 0.001
with reference to C.

**P < 0.01 with reference to
CPZ. Scale bars correspond
to 150 um. Note: For
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cyte differentiation, IFNy produced a dose-dependent
apoptotic response in oligodendrocyte progenitors cells
(OPCs). However, the lowest dose tested by these
authors, (15 ng/ml), was nonapoptotic and inhibited
cell cycle exit in differentiating OPCs. On the other
hand, Arnett et al. [26] have demonstrated that TNFa
promotes proliferation of OPCs through TNFR2. In
our experiments, we work with low concentrations of
IFNy and/or TNFa, (between 0.1 ng/ml and 50 ng/ml).
At these doses, we observe an apparent increase in cell
viability. Alternatively this result could be due to an
increase in cell proliferation, an explanation which is
supported by the increase in the number of cells in S
phase that we observe.

Flow cytometry studies showing that the percentage
of cells in the S phase increases significantly when the
cultures are treated with cytokines plus CPZ, indicat-
ing that the treated cells stop their maturation, support
this conclusion and agree with previous results from
Cammer [16]. In her studies of CPZ action on glial
cultures, this investigator showed the presence of
swollen or enlarged mitochondria in the treated cells,
suggesting that these condition could compromise cell

CMin

T T
CPZ CPZ-Min

energy metabolism. Within this context, our results
showing that in OLGc cultures treated with CPZ there
is a marked decrease in the activities of complex I, 11
and III of the respiratory chain, indicate that CPZ
disrupts mitochondrial function. These results were
confirmed in our studies of mitochondria isolated from
mice intoxicated with CPZ for 3-6 weeks.
Mitochondrial dysfunction is known to lead to the
generation of increased amounts of oxidant species.
We have observed a significant enhancement in the
production of oxidants in OLGecs treated with either
CPZ or with TNFa, which is higher when the cells are
incubated with both compounds. The additive effects
of both compounds suggest that they are probably
exerted through independent pathways. Furthermore,
our results showing a drop in the activity of all the
complexes of the respiratory chain allow us to assume
that the increased production of oxidant species is due
to the mitochondrial dysfunction induced by the direct
action of CPZ or of TNFa. However, this increased
production of oxidants occurring when either sub-
stance is separately added to the cultures, does not
seem to be sufficient to induce cell death. Contrariwise,
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Fig. 9 Immunohistochemical analysis of microglial reactivity
with CD11b antibody in brain coronal sections obtained from
mice intoxicated with CPZ, treated with minocycline and
controls. CD11b staining, green; Hoechst 33342 staining, (-H)
blue. C: control. C-Min: minocycline-treated control. CPZ:
cuprizone-treated animals. CPZ-Min: animals treated with
CPZ and minocycline. Quantitative analysis of the sections was
carried out using the Image Pro Plus software. Integration of the
optical density (IOD) for CD11b immunostaining was measured

the addition of CPZ plus TNFa leads to cell death,
which according to the results of caspase-3 activity that
we have obtained, appears to be dependent on caspase-
3 activation. Our observations agree with the results of
Hisahara et al. [43] who observed activation of caspase-
3 with TNFa treatment on OLGecs.

Signals derived from the activation of TNFR1 by
TNFao binding, simultaneously induce an apoptotic
cascade and a protective NFxB cascade, whereas
TNFR?2 signals primarily induce the protective NFxB
cascade [44, 45]. Microglia expression of TNFR2
enables them to upregulate protective proteins that
counteract the apoptotic signals transduced through
TNFR1. Lacking TNFR2, OLGcs show less robust and
less sustained NF«xB nuclear translocation in response
to TNFa. In agreement with these data, our results
show an increase in the levels of NFxB with evidences
of translocation of this factor to the nucleus in some of
the cells treated with TNFa + CPZ, suggesting that the
transcriptional activation of this factor occurs in these
cells. Consequently, OLGecs thus treated do not appear
to activate protective mechanisms and are acutely at
risk of induced oxidative damage.

Minocycline, a second-generation tetracycline, may
be an attractive candidate in the treatment of many
neurodegenerative and trauma-induced CNS injuries
attributable to both its anti-inflammatory and neuro-
protective properties. The cellular and molecular basis
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for each experimental condition in five randomly selected fields
of the body of the corpus callosum measuring 2.5 mm?. Values
are expressed as IOD and are the means + SEM of three
independent experiments (three replicates per experiment).
*#**P < 0.001. ns: nonsignificant. Scale bar corresponds to
150 pm. Note: For interpretation of the references to color in
this figure legend, the reader is referred to the online version of
this article

for the neuroprotective effects of minocycline remains
for the most part unknown. Collectively, the biological
effects of minocycline include inhibition of microglial
activation, reduction of the mRNA of both interleukin
1 (IL-18) and inducible nitric oxide synthase [46],
cyclooxygenase 2 expression, and prostaglandin E2
production [47]. Minocycline has also been shown to
attenuate production of matrix metalloproteinases
(MMPs) and to decrease T-lymphocyte transmigration
[48, 49]. In addition, minocycline has been shown to
inhibit caspase expression [50], cytochrome ¢ release
[51] and caspase-dependent and independent cell death
[52].

Using minocycline-mediated inhibition of the mi-
croglia/macrophage activation, recent studies have
shown that this drug provides protection against white
matter injury induced by lipopolysaccharide, probably
through inhibition of microglia activation [53] and
protects oligodendrocyte development in the neonatal
brain from hypoxia/ischemia injury [54]. Based on the
hypothesis that the effect of CPZ on OLGcs could
require the presence of cytokines secreted by micro-
glia, one would predict that inhibition of microglia
activation and its related inflammatory products with
minocycline would lead to a decrease in the demyelin-
ating effects of CPZ. Our results support this conclu-
sion since minocycline administration to CPZ-treated
mice markedly decreased microglia activation, as
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shown by the diminished number of CD11b positive
cells, and prevented demyelination, as demonstrated
by morphological studies using myelin-specific staining
and immunohistochemical techniques.

Based on the above-mentioned findings and con-
trary to the general belief indicating that activation of
microglia in CPZ-induced demyelination takes place in
order to remove the myelin debris that result
from OLGc death, we suggest that these cells appear
to have a much more active participation in the
induction of OLGc death and demyelination, through
the production and secretion of pro-inflammatory
cytokines.
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