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Abstract

To study microglialrmacrophage infiltration, a cuprizone-induced model for demyelination in C57BLr6 mice was established.
Cuprizone is known to cause demyelination in Swiss mice, however, cuprizone-induced demyelination in C57BLr6 mice has not been
previously described. Induction of demyelination in C57BLr6 mice enables examination of the function of microgliarmacrophage
through comparative analyses of syngeneic mice with various targeted genetic mutations. In this report, cuprizone-induced demyelination
is easily inducible, localized, and predictable. Concurrent with the initiation of demyelination, we noted microglialrmacrophage
accumulation and changes in astrocyte morphology. Astrogliosis promptly followed microgliarmacrophage recruitment. These observa-
tions suggested that microgliarmacrophage actively contribute to the demyelination process. q 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Ž .The central nervous system CNS was thought to be an
immune privileged site; however, the presence of MHC
class II-expressing cells of bone marrow origin in murine

Žbrains would contradict this supposition Ting et al., 1981;
.Hickey and Kimura, 1988 . It is now known that microglia

and infiltrating macrophages are present in a variety of
ŽCNS disorders McGeer et al., 1988a; McGeer et al.,

1988b; Mattiace et al., 1990; Styren et al., 1990; Ohno et
.al., 1992; Perlmutter et al., 1992; Tomimoto et al., 1993 .

Ž .In conditions such as multiple sclerosis MS and amy-
Ž .otrophic lateral sclerosis ALS , a large presence of infil-
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trating T-lymphocytes are found at sites of microglia or
Žmacrophage activation Traugott et al., 1983; Zamvil and

Steinman, 1990; Martin et al., 1992; Li et al., 1993;
.Tomimoto et al., 1993 . In contrast, a number of non-im-

munologic neurological diseases exhibit microgliarmacro-
Žphages without obvious infiltration of T-lymphocytes Mc-

Geer et al., 1988a; Mattiace et al., 1990; Styren et al.,
.1990; Perlmutter et al., 1992 . In addition, in certain areas

of demyelinating lesions in brains from MS patients, foamy
microglia exist in the absence of significant T-cell infiltra-

Ž .tion Raine, 1994 . We have previously implicated mi-
crogliarmacrophages as effector cells that directly con-
tribute to demyelination in twitcher mice, a murine model

Ž .for human Krabbe’s disease Matsushima et al., 1994 .
Thus, in demyelinating diseases, microgliarmacrophage
may have functions that exacerbate the demyelination pro-

Ž .cess Matsushima et al., 1994 , independent of activating
T-lymphocytes.

Demyelination is evident in the brains of people af-
Ž .flicted with various neurological disorders Ludwin, 1981 .
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Experiments addressing demyelination have been per-
formed by establishing and using various models, includ-

Ž .ing: Wallerian degeneration Bruck, 1997 ; CSF barbotage
Ž .Bunge et al., 1961 ; experimental allergic encephalitis
Ž . Ž .EAE Lampert, 1965, 1967; Prineas et al., 1969 ; cord

Ž .compression Gledhill et al., 1973 ; intracerebral or in-
Žtraspinal injections of diphtheria toxin Wisniewski and

.Raine, 1971; Harrison et al., 1972 ; cyanide intoxication
Ž .Hirano et al., 1968 ; and cuprizone, or ethidium bromide

Žintoxication Suzuki and Kikkawa, 1969; Blakemore, 1973;
.Yajima and Suzuki, 1979 . Microglialrmacrophage pres-

ence in all of these various models for demyelination
suggests an important function for these cells.

Copper is an essential trace element for a number of
Ž .metalloenzymes Walshe, 1995 including copper–zinc su-

Ž .peroxide dismutase CuZnSOD1 and ceruloplasmin
Ž .Zlotkin et al., 1995 . Dietary changes in copper with
copper-chelators such as cuprizone produce copper defi-

Žciency and CNS demyelination Suzuki and Kikkawa,
.1969; Blakemore, 1972; Blakemore, 1973; Ludwin, 1978 .

Well documented consequences of copper deficiency in-
duced by cuprizone are the degeneration of oligodendro-
cytes and formation of megamitochondria in the liver
possibly resulting from metabolic alterations in cy-

Žtochrome-C levels Suzuki, 1969; Suzuki and Kikkawa,
.1969 . Oligodendrocytes appear to be particularly sensitive

to low doses of cuprizone with minimal damage to other
Žcell types Blakemore, 1973; Ludwin, 1978; Komoly et al.,

.1987; Fujita et al., 1990; Cammer and Zhang, 1993 . This
decreased level of energy presumably leads to oligoden-
drocytic dysfunction and eventually to demyelination. De-
myelination is accompanied by the appearance of mi-

Žcroglia and by astrogliosis Blakemore, 1972; Blakemore,
.1973; Ludwin, 1978 ; however, there is no obvious T-

lymphocyte infiltration presumably due to an intact
Žblood–brain barrier Bakker and Ludwin, 1987; Kondo et

.al., 1987 . Thus, cuprizone-induced copper deficiency pro-
vides a model for demyelination that enables us to investi-
gate the function of microgliarmacrophages present in the
demyelinating lesions without the confounding presence of
T-cell infiltrates.

Cuprizone treatment of animals has been used as a
model for investigating the changes or reactions of neu-
ronal and glial cells accompanying the damage of oligo-

Ždendrocytes in Swiss, CD1, and ICI mice Blakemore,
.1974; Ludwin, 1978; Bakker and Ludwin, 1987 . Demyeli-

nation by cuprizone treatment has not been described in
C57BLr6 mice; however, we report here conditions in
which demyelination and microgliarmacrophage accumu-
lation can be induced in C57BLr6 mice without liver
involvement. Although many studies demonstrate the toxic

Žeffects of cuprizone on the brain Blakemore, 1973; Lud-
.win, 1978 , little is known about the appearance of mi-

croglia and its correlation with neuropathology. This study
focuses on microglialrmacrophage accumulation into le-
sions of demyelination during cuprizone treatment of

C57BLr6 mice and documents the chronological changes
with respect to microgliarmacrophages and astrocytes in
the corpus callosum where demyelination was greatest.
Most notably, microglialrmacrophage appearance at or
adjacent to the affected sites in the CNS upon the induc-
tion of demyelination is documented. The findings re-
ported are important in providing a model to test the
function of genes in various genetically altered knockout
or transgenic mice and rapidly assess significance in
pathology.

2. Materials and methods

2.1. Mice and tissue preparation

C57BLr6J male mice at 5 to 6 weeks old were either
Žpurchased from the Jackson Laboratory Bar Harbor, ME,

.USA or bred and maintained in our pathogen-free animal
facility at UNC. Only 8 to 10 weeks old age-matched
animals were used in an experiment. In the dosage study,
the mice were provided a powder feed containing 0.1%,

Ž0.2%, 0.3%, 0.4%, 0.5% and 0.6% cuprizone Sigma, St.
.Louis, MO for 6 weeks. Cuprizone was physically mixed

Ž .into ground Breeder Chow 2000 Purina, Richmond, IN
by a weight to weight ratio. The mice were monitored for
clinical symptoms and sacrificed at 6 weeks of treatment
to determine neuropathology and to conduct immunohisto-
chemistry. For the chronology study, groups of at least
four mice were fed a diet containing 0.2% cuprizone and
sacrificed after 1, 2, 3, 4, 5 or 6 weeks of feeding.

ŽMice were anesthetized with Metafane Schering-
.Plough, Omaha, NE and perfused through the heart with

Ž .0.1 M phosphate buffer PB followed by either 4% para-
formaldehyde for paraffin embedding or 2% periodate–

Ž .lysine–paraformaldehyde PLP solutions for immunohis-
tochemical analyses. The brains were further post-fixed in
situ overnight at 48C in the same fixative and removed.
The cerebrum was coronally sectioned to expose the cor-
pus callosum. In each experiment, the brains of two cupri-
zone-treated mice at each time point were embedded in
paraffin for histological and immunocytochemical studies.
Additional two brains were used for frozen section im-
munocytochemistry as described below. The paraffin em-
bedded tissues were sectioned at 5 mm in thickness at the
level of section 251 according to mouse atlas by Sidman et

Ž .al. 1971 . For routine histology, the sections were stained
Ž .with hematoxylin and eosin H&E and Luxol fast blue–

Ž .periodic acid Schiff LFB–PAS stains. In addition, liver
tissue was paraffin embedded and stained with H&E to
determine toxicity to hepatocytes in cuprizone dosage stud-
ies. Morphology of the hepatocytes was observed at 400–
600= and structures consistent with megamitochondria
were observed at 1000= under oil immersion.

In order to evaluate demyelination, three independent
readers in a double-blind fashion scored LFB–PAS-stained
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sections from zero to three. Zero was equivalent to the
myelin status of a mouse not treated with cuprizone,
whereas a score of three was total demyelination usually
observed at 6 weeks of treatment with cuprizone. A score
of one is equivalent to demyelination of one-third of the
fibers of the myelin tract, while a score of two is equiva-
lent to demyelination of two thirds of the fibers of the
myelin tract. Intermediate scores for demyelination are
representative of intermediate percentages of demyelinated
fibers in the myelin tract. In addition, cellularity was
scored in these samples as an estimate of the number of
cells infiltrating areas of demyelination. The estimate of
the number of cells infiltrating demyelinating regions was
based on the scoring of nuclei on a scale of zero to three,
where zero represented few nuclei as in the untreated
animal and three represented the heavy accumulation of
nuclei in the myelin tract following complete demyelina-
tion. To verify the degree of demyelination and glial cell
response, paraffin sections of the cerebrum were processed
for immunocytochemical detection of the myelin basic

Ž . Ž .protein MBP with the SMI 99 antibody 1:1000 dilution
Ž .Sternberger Monoclonals, Bethesda, MD , of astrocytes

Žwith antibody to glial fibrillary acidic protein GFAP;
. Ž .1:1000 dilution DAKO, Santa Barbara, CA , and of

Ž .microgliarmacrophages with a lectin RCA-1 Sigma , us-
ing the Autoprobe III kit with streptavidin-conjugated per-

Ž .oxidase base Biomed, Foster City, CA . All scores and
quantitation of cells in each coronal section of the corpus
callosum were typically conducted at two sites, immedi-
ately lateral of midline.

Frozen sections were cryoprotected in 0.1 M PB con-
taining 20% sucrose for 2 to 3 days. Serial 30-mm coronal
sections were cut with a cryostat. The sections were washed

Ž .with several changes in phosphate-buffered saline PBS ,
pH 7.4, followed by 0.3% hydrogen peroxide to block
endogenous peroxidase activity. After rinsing with PBS

Ž .three times 3 min each , the sections were incubated in
PBS with 10% normal rabbit serum for 20 min followed

Žby primary anti-Mac-1 antibody Boehringer Mannheim,
.Indianapolis, IN treatment at a 1:500 dilution with PBS

Ž .containing 0.2% Triton X PBST overnight at 48C. The
sections were then washed and sequentially incubated with

Ža 1:200 dilution of biotinylated rabbit anti-rat IgG Vector
.Laboratory, Burlingame, CA in PBST for 2 h. The sec-

tions were washed with PBS and the signal was amplified
Žwith the ABC-Elite reagent Vector Laboratory,

.Burlingame, CA for 1 h at the room temperature. The
immunoproduct was then visualized with the DAB kit
Ž .Vector . The sections were dehydrated and mounted with

Ž .permount Fisher Scientific, Pittsburgh, PA .

2.2. Microscopic morphometry

The H&E-stained sections were used for the quantita-
tive analysis of cells infiltrating the corpus callosum dur-
ing demyelination. Individual cells were counted based on

Ž .nuclei Smart and Leblond, 1961 . All cells in the corpus
Ž .callosum at the level of section 251 Sidman et al., 1971

were counted manually using a morphometry system based
Ž .on a Nikon FXA microscope Garden City, NY equipped

with an Optronics TEC-470 CCD Video Camera System
Ž .Goleta, CA . Densitometric analysis of stained sections
was also performed, and it confirmed the trends seen in the

Ž .manual cell counts data not shown . However, we have
chosen to present our data on the basis of cell counts to
emphasize the increased cellularity that accompanies cupri-
zone-induced demyelination. Images were captured on an

Ž .Apple Macintosh 840 AV computer Cupertino, CA using
Ž .a Scion LG-3 card Fredrick, MD . Image processing,

analyses, and measurements were carried out using the
Žpublic domain NIH image program http:rrrsb.info.

.nih.govrnih-imager . The counted cells from treated ani-
mals were compared to control untreated animals and
subjected to statistical analysis using the Student’s t-test.
The area of one visual field was 0.04669 mm2 on the
video screen by 40= objectives. Cells in the median of
the corpus callosum were counted. Immunostained GFAPq

astrocytes, Mac-1q microgliarmacrophages, and RCA-1q

microgliarmacrophages were also individually counted in
the corpus callosum for each experimental group. Only
cells that contained a nucleus, as indicated by hematoxylin
counterstain, were counted. A minimum of two sections
per animal were analyzed for scoring.

2.3. Statistical analyses

Data were plotted to verify that individual values within
a group showed a symmetric U-shaped distribution indica-
tive of normal distribution. Statistical comparisons were
conducted with two-tailed Student’s t-tests with unequal

Fig. 1. Weight loss in cuprizone-treated C57BLr6 mice. Significant body
weight loss compared to untreated mice was noted in mice treated with

Ž .0.2% or more of cuprizone for 6 weeks ) p-0.05 . Body weight loss
from 0.2% compared to 0.3% or greater doses was also significant
Ž .p̂-0.05, Student’s t-test . Significance was based on a two-tailed
Student’s t-test assuming unequal variance. Histograms indicate the mean
of four animals per group and error bars represent standard deviation.
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variance. Mean differences were considered significant if
p-0.05 was computed. Treated mice were compared to
either untreated mice or other sets of mice as indicated in
the figure legends. The graphs represent mean values, and
the error bars are indicative of the standard deviations.

3. Results

3.1. Effect of cuprizone on the body weight and liÕer of
C57BLr6 mice

Preliminary observation in the C57BLr6 mice showed
mortality after 2 to 3 weeks at the 0.6% cuprizone dosage,

Fig. 2. Liver toxicity in cuprizone-treated C57BLr6 mice. Hematoxylin
Ž . Ž .and eosin H&E -stained, 5 mm liver sections of untreated mice A were

compared to liver sections of mice treated for 6 weeks with 0.2%
Ž .cuprizone B . Liver sections of mice treated with 0.4% or higher dose of

cuprizone had indications of liver toxicity based on increased numbers of
Ž . Ž .multinucleated hepatocytes arrowheads , and degenerating cells arrows

Ž .C . Photomicrographs are shown at 600= magnification.

Fig. 3. Cuprizone dosage effects on demyelination in the C57BLr6
mouse. Upon 6 weeks of treatment with varying doses of cuprizone, 0.2%
and greater doses of cuprizone resulted in almost complete demyelination.
Although the 0.1% dose did not result in complete demyelination, the
amount of demyelination was still significant when compared to the

Ž .untreated mice ) p-0.05 . In these experiments, animals were per-
fused, their brains were removed, embedded in paraffin, cut at 5 mm, and
stained with LFB–PAS. Coronal sections were scored, as mentioned in
Section 2, for demyelination in the medial portion of the corpus callosum.
Each group in this graph represents an average of four animals, and the
error bars are the standard deviation for each group.

which is the dose used by other investigators to study
Ždifferent strains of mice Blakemore, 1974; Ludwin, 1978;

.Komoly et al., 1987 . Since 0.6% cuprizone was extremely
toxic to the C57BLr6 mice, our subsequent studies did not
use this high dose of cuprizone. Eight- to 10-week old
age-matched mice were fed varying doses of cuprizone for
6 weeks and their body weight was taken following cupri-
zone treatment. The mean body weight of the mice fed
with 0.1% cuprizone showed normal body weight gain and
they behaved normally throughout the experimental period.
However, the body weight of mice fed with 0.2% cupri-
zone for 6 weeks was significantly less than that of control

Ž .untreated mice p-0.05, Student’s t-test; Fig. 1 . Mice
fed 0.3%, 0.4%, and 0.5% had extensive weight loss
accompanied by a high degree of lethargy. Additionally,
the mean body weight of mice fed 0.3%, 0.4%, and 0.5%
cuprizone was significantly less than mean body weight of

Žmice on the 0.2% cuprizone diet p-0.05, Student’s
.t-test .

The significant differences in body weight at varying
doses of cuprizone prompted an examination of liver toxic-
ity in mice. Mice treated at varying doses from untreated
to 0.5% were sacrificed at week six. Histological sections
of liver were stained with H&E and analyzed for the
presence of cellular degeneration, excessive numbers of
multinucleated hepatocytes, and megamitochondria in hep-
atocytes. No overt abnormalities were observed in hepato-
cytes of animals treated with the 0.1%, 0.2%, or 0.3%

Ž .concentrations of cuprizone Fig. 2A and B . Liver sec-
tions of C57BLr6 mice treated with 0.4% cuprizone for 6
weeks contained scattered hepatocytes with palcytoplasm
containing fragmented organelles suggestive of degenera-
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Ž .tion and many multinucleated hepatocytes Fig. 2C . Hepa-
tocytes of C57BLr6 mice treated with 0.5% cuprizone
contained deeply eosinophilic enlarged globular structures

Ž .consistent with megamitochondria Suzuki, 1969 and in-
Žcreased numbers of multinucleated hepatocytes data not

.shown . Thus, based on the body weight analysis data and
the liver toxicity data, we have shown that the 0.2%
cuprizone dose has an effect on the C57BLr6 mice.
However, the wasting is minimal compared to greater
doses of cuprizone, and there is no liver involvement.

3.2. Dosage of cuprizone and time course of demyelination
in C57BLr6 mice

Cuprizone most notably induces demyelination in the
cerebral white matter, particularly the corpus callosum and

Žsuperior cerebellar peduncles Blakemore, 1973; Ludwin,

.1978 . Demyelination was noted in the superior cerebellar
peduncles; however, in this study, we have focused on
demyelination in the corpus callosum where the extent of
demyelination can be scored most easily and consistently.
The degree of demyelination in the experimental animals
was evaluated in the corpus callosum on LFB–PAS-stained

Ž .and SMI 99 MBP immunostained slides. In the dosage
study, demyelination was incomplete by week six at the
0.1% dosage; however, demyelination approaching com-
pletion was evident 6 weeks after continuous administra-

Ž .tion of cuprizone at a dose of 0.2% or greater Fig. 3 . As
shown in Fig. 4A, LFB–PAS-stained brain sections from

Ž .untreated control mice show myelinated blue corpus
callosum in contrast to animals treated for 6 weeks with

Ž .0.2% cuprizone that show complete demyelination pink
Ž .in Fig. 4B. Additional SMI 99 MBP -stained sections veri-

fied the severity of demyelination observed in LFB–PAS-

Ž .Fig. 4. Dose effects of cuprizone on demyelination of the corpus callosum. A LFB–PAS-stained section from untreated control C57BLr6 mice
Ž . Ž .displaying blue tract myelinated corpus callosum. This section from an untreated mouse was scored as zero for demyelination. B LFB–PAS-stained

Ž .section of the corpus callosum from a 6-week, 0.2% cuprizone-treated mouse indicating complete demyelination pink tract as opposed to blue tract . This
Žsection was assigned a score of three for complete demyelination. Demyelination as ascertained by LFB–PAS was confirmed with antibody staining SMI

. Ž . Ž . Ž .99 for MBP. C SMI 99 MBP -stained coronal section of an untreated C57BLr6 mouse exhibits intact, continuously stained fibers. D SMI
Ž .99 MBP -stained coronal section of a C57BLr6 mouse treated with 0.2% cuprizone for 6 weeks shows rare and extremely scattered staining for MBP

which is indicative of the absence of myelin. Arrows point to myelin fragments in the corpus callosum. All photomicrographs are shown at a 600=

magnification.
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Fig. 5. Time course of demyelination in the corpus callosum of C57BLr6
mice. Histogram represents scores of coronal sections of the corpus
callosum stained with LFB–PAS. Results are represented as averages of
scores obtained in a double-blind manner by three independent investiga-
tors. Animals were treated with 0.2% cuprizone and sacrificed at various
weekly time points. Significant demyelination compared to untreated

Ž .mice was observed at week three through six ) p-0.05 . Additionally,
a significant increase in demyelination compared to the previous week of

Ž .treatment was noted at weeks three and four p̂-0.05 . Each group is
representative of an average demyelination score from four mice, and the
error bars represent the standard deviation for each group.

stained brain sections. Brain sections of untreated control
mice stained with SMI 99 showed consistent continuously

Ž .staining fibers indicative of intact myelin fibers Fig. 4C .
Alternatively, brain sections of mice treated with 0.2%
cuprizone for 6 weeks stained with the SMI 99 antibody
showed very rare and scattered staining indicative of an

Ž .absence of myelin Fig. 4D . Mice treated with 0.3%
cuprizone showed similar results. Although treatment of
mice with 0.4%, 0.5%, and 0.6% cuprizone resulted in
demyelination of the corpus callosum, adverse liver toxic-

Ž .ity was concomitantly observed Fig. 2 . Thus, it appeared
that the 0.2% to 0.3% dose of cuprizone was the maximum
dose tolerated by C57BLr6 mice which caused demyelina-
tion without liver toxicity. However, because the C57BLr6
mice treated with 0.3% cuprizone were lethargic and expe-
rienced a significant weight loss compared to mice on the

Ž .0.2% cuprizone diet Fig. 1 , subsequent studies on de-
myelination will be conducted at the 0.2% dose.

In the 0.2% cuprizone time course study, mice were
analyzed at weekly intervals. No noticeable reduction in
neither LFB–PAS nor SMI 99-staining was observed at
the light microscopy level at week two of cuprizone

Ž .treatment Fig. 5 . Demyelination of the corpus callosum
was first detected at 3 weeks of treatment. Significant
demyelination progressed rapidly over the following week
of cuprizone feeding and by the 5th week of treatment

Ž .demyelination approached 100% a score of three within
the corpus callosum. Thus, it appeared that 0.2% cuprizone
treatment of the C57BLr6 mouse resulted in notable
demyelination of the corpus callosum at approximately

Ž .week three p-0.05 and progressed to nearly 100% by
the 5th week.

3.3. Increase in the number of cells within the corpus
callosum during cuprizone treatment

A noticeable increase in the number of cells was found
in the corpus callosum of animals treated with increasing
doses of cuprizone. The cellular response to cuprizone or
to demyelination was analyzed by morphometric quantifi-
cation of H&E sections from the corpus callosum. The
5 mm paraffin sections were counted for total number of
nuclei-containing cells that included microgliarmacro-
phages, astrocytes, and oligodendrocytes. As shown in Fig.
6A, there was a significant increase in the number of cells
in the corpus callosum in mice treated for 6 weeks with
0.1% to 0.5% cuprizone diet in comparison to untreated

Ž .mice p-0.05 . Peak cellularity was observed at the 6
week time point with the 0.4% dosage.

Fig. 6. Increase in cellularity during demyelination. Paraffin sections at 5
mm were stained with H&E. Nuclei were counted as an indicator of

Ž .cellularity in the corpus callosum. A A significant increase in cellularity
was apparent at all doses of cuprizone treatment in C57BLr6 mice

Ž . Ž .compared to brain sections of untreated mice ) p-0.05 . B Signifi-
cant increase in cellularity was detected in the corpus callosum of
cuprizone-treated mice compared to untreated mice at weeks three through

Ž .six ) p-0.05 . Additionally, a significant increase in cellularity com-
pared to the previous week of treatment was noted at weeks three and

Ž .four p̂-0.05 . Each group in this graph is an average of four animals.
The error bars are representative of the standard deviation for each group.
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During the 0.2% cuprizone-treatment time course study,
the number of cells present at the 1- and 2-week time
points appeared to be identical to untreated control animals
Ž .Fig. 6B . A significant increase in the number of cells in
the corpus callosum was first noted at the 3rd week of

Ž .treatment p-0.05; Fig. 6B . Cellularity significantly
increased from the 3rd week of treatment and peaked at

Ž .the 4th week p-0.05 . The peak level of cellularity was
maintained at the 5th and 6th weeks of continuous cupri-
zone treatment.Thus, an increase in general cellularity in
the corpus callosum correlated with apparent demyelina-
tion during cuprizone treatment.

3.4. Astrogliosis and morphologic changes in astrocytes in
the corpus callosum during cuprizone treatment

An increase in astrogliosis has been previously reported
Ž .during cuprizone intoxication Elsworth and Howell, 1973 .

The status of astrocytes in the corpus callosum was as-
sessed in C57BLr6 mice treated with cuprizone. At 6
weeks of treatment, brain sections stained for GFAP from
C57BLr6 mice treated with varying doses of cuprizone

Ž .treatment confirmed astrogliosis Fig. 7A . The number of
astrocytes increased significantly in all doses of cuprizone
treatment when compared to untreated control animals. All
doses appeared to induce similar numbers of astrocytes
Ž .p)0.05 .

In mice treated with 0.2% cuprizone, the number of
astrocytes remained similar to basal levels during the 1st

Ž .and 2nd week of cuprizone treatment Fig. 7B . When
significant levels of demyelination were observed at the
3rd-week time point, there was a corollary and significant

Ž .increase in the number of astrocytes p-0.05 , as shown
by the increased numbers of nuclei staining positive for
GFAP. In addition, dual staining with bromodeoxyuridine
Ž .BrdU and GFAP in brain sections of cuprizone treated

Žmice revealed that the astrocytes were proliferating data
. qnot shown . GFAP astrocytes continued to significantly

Ž .p-0.05 increase in number in correlation to demyelina-
tion at the 4th week. The extent of astrogliosis was coinci-
dental to extent of demyelination at the 5th and 6th weeks.
Thus, part of the general increase in cellularity in Fig. 6
within the corpus callosum of C57BLr6-treated mice was

Žcontributed by GFAP-staining astroglia Fig. 7A and B,
.Fig. 8 , as previously demonstrated in other strains

Ž .Elsworth and Howell, 1973 .
The appearance of the cellular processes of astrocytes

was altered upon cuprizone treatment. In untreated control
C57BLr6 mice, GFAPq astrocytic cells had delicate cel-

Ž .lular processes Fig. 8A . In contrast, astrocytes were
hypertrophied with thick processes and were markedly

Ž .increased in the brain of all experimental mice Fig. 8B .
In the 0.2% time course study, hypertrophic GFAP-posi-
tive cells were readily detected in the corpus callosum
within 1 week of cuprizone diet upon initiation of demyeli-
nation. Although the number of astrocytes during the first

Fig. 7. Number of GFAP-staining astrocytes in the corpus callosum in
C57BLr6 mice. Paraffin sections were cut at 5 mm and stained with
anti-GFAP antibody. Numbers of GFAP-staining cells containing nuclei

Ž .were counted in the corpus callosum. A At 6 weeks with varying doses
of cuprizone treatment, significantly increased numbers of astrocytes
were apparent in mice treated with 0.2% cuprizone compared to untreated

Ž . Ž .control animals ) p-0.05 . B During the 0.2% cuprizone time course,
astrogliosis was first apparent at the 3rd week of cuprizone treatment, and

Ž .it continued through the 6th week of treatment ) p-0.05 . Astrogliosis
initiated from the 2nd to 3rd week and progressed from 3rd to 4th week
Ž .p̂-0.05 where it peaked and plateaued with the 6th week of cupri-
zone treatment. Each group is representative of an average of four mice,
and the error bars represent standard deviation.

2 weeks of 0.2% cuprizone treatment did not appreciably
increase, morphologic changes were apparent and presum-
ably physiologic alterations were already undertaken. Thus,
astrocytes contribute to the gliosis induced by cuprizone
treatment and morphologic differences in astrocytes and
their processes can be seen prior to demyelination and
more interestingly, prior to gliosis.

3.5. Appearance of microgliarmacrophages upon induc-
tion of demyelination

Microgliarmacrophages generally reside in the lesions
of demyelination. Fig. 9A is the untreated control that
showed the presence of RCA-1q cells, markers of mi-
crogliarmacrophage, in the corpus callosum is rare. In
contrast, RCA-1 staining revealed a significant increase in
the number of microgliarmacrophages in the corpus callo-
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q Ž .Fig. 8. Astrogliosis and morphological changes in GFAP astrocytes upon initiation of demyelination. A Untreated control mice have little GFAP
Ž . qstaining. B After 6 weeks of treatment with 0.2% cuprizone, there is an increased number of GFAP astrocytes, indicated by arrows. Photomicrographs

are shown at 600= magnification.

Fig. 9. Microgliarmacrophages accumulate in the corpus callosum of C57BLr6 mice during demyelination. Paraffin sections were cut at 5 mm and
Ž . Ž .stained with RCA-1. A RCA-1 stain of the corpus callosum in the untreated mouse shows rare RCA-1 staining cells. B RCA-1 stain of the corpus

Ž .callosum of a 6-week, 0.2% cuprizone-treated mouse indicates the extensive numbers of microgliarmacrophages present in the corpus callosum. C As a
confirmation of the RCA-1 stain, 30 mm frozen coronal sections of the corpus callosum were stained for Mac-1. Mac-1 staining of coronal sections of

Ž .untreated control mice indicates the presence of few microgliarmacrophages with low immune reactivity in the normal brain. D Upon insult with
cuprizone treatment, Mac-1 staining shows that microgliarmacrophages with increased immune reactivity accumulate in large numbers in the corpus
callosum, as shown here in the 6-week, 0.2% cuprizone-treated mouse. Photomicrographs are shown at 600= magnification.
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sum as visualized in the brain section of a 6-week, 0.2%
Ž .cuprizone-treated mouse Fig. 9B . Similar results were

observed with frozen sections immunostained with anti-
body to Mac-1, another marker for microgliarmacro-

Ž .phages Fig. 9C and D . Despite the use of 30 mm sections
that should permit the easier detection of rare
microgliarmacrophage cells, we observed very little stain-

Ž .ing in the untreated brain Fig. 9C . However,
microgliarmacrophages were readily detected in the nearby

Ž .cerebral cortex data not shown . Examination of the frozen
sections of the corpus callosum at 6-week, 0.2% cupri-
zone-treated C57BLr6 mice showed a large accumulation
of Mac-1q microgliarmacrophages located distinctly

Ž .within the corpus callosum Fig. 9D .
The quantification of microgliarmacrophages and the

appearance during the progression through demyelination
had not been fully characterized previously. The presence
of microgliarmacrophages and the quantitative changes of
microgliarmacrophages in control vs. cuprizone-treated
mice were visually evaluated with RCA-1 immunostained
paraffin sections and Mac-1 immunostained frozen sec-
tions. In the dosage study, the number of microgliarmac-

Ž .rophages in the corpus callosum Fig. 10A at all doses of
cuprizone was significantly greater than the number of
microgliarmacrophages in the corpus callosum of un-
treated animals. Microgliarmacrophages were present in

Ž .the corpus callosum at the 0.1% dose Fig. 10A even
Ž .when demyelination was not complete Fig. 3 . A substan-

tially larger number of microgliarmacrophages accumu-
lated in the corpus callosum when greater than or equal to

Ž .0.2% cuprizone was present in the diet Fig. 10A . Maxi-
mal microglialrmacrophage accumulation into the corpus
callosum appeared with doses of 0.4%–0.5% of cuprizone,
doses when liver toxicity was observed; however, the
number of microgliarmacrophages at these higher doses
were not significantly different from the 0.2% or 0.3%

Ž .doses p)0.05, Student’s t-test . In brains from untreated
control animals, PAS or Mac-1-stained cells were not
observed in the corpus callosum, cerebrum or cerebellum,
although some ramified microgliarmacrophages stained
lightly with RCA-1. Thus, it appears that microglialrmac-
rophage presence was prominent in regions of demyelina-
tion particularly at the 0.2% dose or greater.

In the chronological study of demyelination using the
0.2% dose of cuprizone, a significant increase in the
number of microgliarmacrophages was observed within

Ž .the 1st week of cuprizone treatment Fig. 10B . The early
appearance of microgliarmacrophages was prior to gross

Ž .demyelination observed at week three Fig. 5 and before
Ž .significant astrogliosis Fig. 7B . Furthermore,

microglialrmacrophage numbers increased significantly at
Ž .week three p-0.05 and was correlated with the signifi-

cant increase in progression of demyelination at 3 to 4
Ž .weeks Fig. 5 . In addition, dual staining with BrdU and

RCA-1 in brain sections of cuprizone-treated mice re-
vealed that the microgliarmacrophages were proliferating

Fig. 10. Microgliarmacrophage accumulation of the corpus callosum in
Ž .C57BLr6 mice treated with cuprizone. A Animals were treated for 6

weeks with varying doses of cuprizone. Coronal brain sections of all mice
treated with cuprizone were stained with RCA-1, an indicator of mi-
croglial presence. Numbers of microgliarmacrophages in the corpus

Ž .callosum were significantly higher ) p-0.05 at all doses of cuprizone
after 6 weeks of treatment when compared to the untreated control
mouse. Numbers of microgliarmacrophages in the corpus callosum of
mice treated with 0.2% and greater were not significantly different from
each other, although these higher doses showed significantly greater

Ž . Ž .numbers of microgliarmacrophages than the 0.1% dose p̂-0.05 . B
In the 0.2% cuprizone treatment time course study, microgliarmacro-
phages appeared after the 1st week with initiation of cuprizone treatment.
Significant microglialrmacrophage accumulation compared to untreated

Ž .mice was observed at weeks one through six ) p-0.05 . Additionally, a
significant increase in microglialrmacrophage accumulation compared to
the previous week of treatment was noted at weeks one, three, and four
Ž .p̂-0.05, Student’s t-test . Each group in the graph is a mean of four
mice, and the error bars represent standard deviation.

Ž .data not shown . Because of the initial microglialrmacro-
phage appearance at week one and week two prior to gross
demyelination, and their continual increase in numbers in
association with significant demyelination at week three
through week six, microgliarmacrophages may be actively
participating in the demyelination process.

4. Discussion

We report here that the induction of demyelination by
cuprizone treatment in C57BLr6 mice is associated with a
microglialrmacrophage presence. The dosage and time
course of cuprizone treatment reported on C57BLr6 mice
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are in drastic contrast to Swiss Webster mice. The advan-
tage of establishing demyelination in the C57BLr6 mouse
is that comparative analyses can be made with other mouse
models for demyelination, such as the twitcher mouse,

Ž .that are also on the same genetic C57BLr6 background.
Thus, similar hypotheses can be tested and corroborated in
several models of demyelination, and that would lend
credence to any discoveries and perhaps give insights to
broad implications of any findings. Additionally, many
genetically altered mice are on the C57BLr6 genetic
background; therefore, comparison of demyelination in
these mutant mice to the wildtype C57BLr6 mouse may
further implicate roles for additional effector molecules in
demyelination without requiring backcrossing to strains
susceptible to demyelination such as twitcher mice or SJL
or PLrJ for EAE.

The cuprizone-treated animals provide a model to study
microglialrmacrophage responses during the demyelinat-
ing process while the blood–brain barrier remains intact
Ž .Bakker and Ludwin, 1987; Kondo et al., 1987 . In this
study, we have three important findings. First, the 0.2%
dose of cuprizone allowed demyelination to progress in the
C57BLr6 mice without detrimental systemic toxic effects.
Secondly, changes in morphology of GFAPq astroglia
were concurrent with induction of demyelination, and as-
trogliosis was synchronous with demyelination and pro-
gressed until maximal demyelination. Finally and most
importantly, microgliarmacrophages appeared in the first
2 weeks upon induction with cuprizone and this was prior
to gross demyelination observed at week three. Further-
more, microgliarmacrophages increased in numbers until
demyelination was complete. This last finding suggests
that microgliarmacrophages may not only be responding
to demyelinated lesions, but they may also participate in
the exacerbation of demyelination as a previous study

Žusing twitcher mice has suggested Matsushima et al.,
.1994 . Therefore, one can use cuprizone-treated C57BLr6

mice to study the specific demyelinating effects in the
CNS, monitor the accumulation of the microgliarmacro-
phages and corroborate findings with the twitcher mouse
or other models for demyelination in order to attain broad
insights about the progression of demyelination.

Previous studies on cuprizone treatment of mice used
strains which were typically treated with 0.5%–0.6% dose

Ž .of cuprizone Suzuki and Kikkawa, 1969; Ludwin, 1978 .
In this report, when C57BLr6 mice were initially treated
with 0.6% cuprizone diet, animals died within 2 to 3
weeks. C57BLr6 mice treated with slightly lower doses of
cuprizone succumbed to the toxic affects of cuprizone as
noted by lethargy, excessive weight loss, andror liver

Ž .toxicity Figs. 1 and 2 . The findings in this report indicate
that a 0.2% dosage appears to affect oligodendrocytes and
induce demyelination without extreme detrimental effects
to the C57BLr6 mice. Demyelination was not extensive in
C57BLr6 mice treated with the 0.1% dosage. Thus, it
appears that C57BLr6 mice possess a greater sensitivity to

cuprizone treatment than the Swiss Webster mice, and all
subsequent studies on demyelination with the cuprizone
model in these mice should use the 0.2% cuprizone dosage.

Interestingly, morphological changes within astrocytes
and accumulation of microgliarmacrophages are syn-
chronous with the initiation of demyelination. The number
of astrocytes and microgliarmacrophages continues to in-
crease with the progression of demyelination. The in-
creased numbers of microgliarmacrophages and astrocytes
plateaued once demyelination approaches completion
around the 4th to 5th weeks of 0.2% cuprizone treatment.
These data suggest that morphological changes occur in
the brain immediately upon the onset of insult. Addition-
ally, these data suggest that microgliarmacrophages are
not merely reacting to phagocytosed myelin debris, but
may be directly participating as effector cells and causing
damage to myelin structure and oligodendrocytes. This
study provides a model in which microgliarmacrophages
may be effector cells that exacerbate the process of de-
myelination rather than cells which merely clear injured
CNS tissue.

Ž .In vivo, MHC class II Ia molecules are found in the
brain only on microgliarmacrophages and serve as an
indication of activation. We are currently addressing Ia
expression in the cuprizone model. Our previous study
suggests a model where Ia on microgliarmacrophages
serves to activate the cells which results in exacerbated
clinical symptoms and neuropathology, and increased the

Žnumber of microgliarmacrophages Matsushima et al.,
.1994 . Thus, it would be interesting to test whether Ia on

microgliarmacrophages in the cuprizone model functions
to exacerbate the neuropathology as it does in twitcher
mice. These studies are currently underway utilizing the
I–Ayry mice, which are also on the C57BLr6 geneticb

background. We subsequently expect that this model for
demyelination will be used in other genetic mouse mutants
to address factors andror molecules involved in demyeli-
nation, gliosis, or microglialrmacrophage activation.

This cuprizone-induced demyelination provides testing
of immunological impact on demyelination in an easily
inducible, very predictable and consistent model. At the
0.2% cuprizone dose, evidence of demyelination on a
microscopic scale is evident at 3 weeks of treatment and
comes to completion at 6 weeks of treatment. Demyelina-
tion is localized and is most evident in the corpus callo-
sum. Cuprizone induced demyelination is also reversible;
therefore, this model makes it possible to study remyelina-
tion. These advantages of the cuprizone model, combined
with the feasibility of analysis of demyelination in the
C57BLr6 mouse will contribute important insights to the
progression of demyelination as well as remyelination.

The findings in this study suggest that cuprizone treat-
ment of C57BLr6 mice provide an ideal model to further
test immune function during demyelinating disease. The
time course and dosage used here provides a reasonable
time period to assess net effects in the demyelinating
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process and should allow a number of genetically manipu-
lated animals to be tested for specific function of molecules
and cells in vivo. This model may provide an understand-
ing of the functions of microgliarmacrophages in demyeli-
nation and delineate mechanisms for microgliarmacro-
phage interactions with the demyelinating process, but it
will also allow the design of therapeutic protocols to be
tested in vivo with relative ease.
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