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Abstract A broad spectrum of diseases is characterized by
myelin abnormalities, oligodendrocyte pathology, and con-
comitant glia activation, among multiple sclerosis (MS). Our
knowledge regarding the factors triggering gliosis and demy-
elination is scanty. Chemokines are pivotal for microglia and
astrocyte activation and orchestrate critical steps during the
formation of central nervous system (CNS) demyelinating le-
sions. Redundant functions of chemokines complicate, how-
ever, the study of their functional relevance. We used the
cuprizone model to study redundant functions of two
chemokines, CCL2/MCP1 and CCL3/MIP1α, which are crit-
ically involved in the pathological process of cuprizone-
induced demyelination. First, we generated a mutant mouse
strain lacking functional genes of both chemokines and dem-
onstrated that double-mutant animals are viable, fertile, and do
not present with gross abnormalities. Astrocytes and peritone-
al macrophages, cultured form tissues of these animals did
neither express CCL2 nor CCL3. Exposure to cuprizone re-
sulted in increased CCL2 and CCL3 brain levels in wild-type
but not mutant animals. Cuprizone-induced demyelination,
oligodendrocyte loss, and astrogliosis were significantly ame-
liorated in the cortex but not corpus callosum of chemokine-
deficient animals. In summary, we provide a novel powerful
model to study the redundant function of two important
chemokines. Our study reveals that chemokine function in the
CNS redounds to region-specific pathophysiological events.
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Introduction

Multiple sclerosis (MS) is an inflammatory disease of the
central nervous system (CNS) characterized by myelin loss,
oligodendrocyte death, inflammation, and various degrees of
axonal damage [1]. For long,MSwas exclusively discussed as
an autoimmune disorder with auto-reactive T cells directed
against myelin components as the disease trigger [2]. This
viewwas partially built on and supported by research obtained
in one of the most commonly used MS animal models, exper-
imental autoimmune encephalomyelitis (EAE). EAE leads to
T cell-driven inflammatory demyelination in the spinal cord,
brain stem, and cerebellum due to immunization with myelin
proteins or spinal cord homogenates [3–5]. Although MS and
EAE have some features in common, like involvement of the
adaptive immune response in CNS inflammation or clinical
disease course, several differences exist between the model
and MS, which cannot be explained with an exclusive auto-
immune view of the disease [6–9]. Biopsies and autopsies of
MS patients, for example, revealed that pathological changes
also occur in the absence of T cell-mediated inflammation and
demyelination [10–16] and show activation of microglial cells
[11, 15, 17], increased expression of anti-apoptotic genes in
oligodendrocytes, as well as apoptotic oligodendrocytes [10,
18]. The cuprizone model is approved to selectively image
pathological aspects of MS, which are not primarily regulated
and controlled by the peripheral immune system [19, 20].
Feeding of cuprizone induces demyelination of distinct CNS
white and grey matter regions, among the white matter tract
corpus callosum or cortical grey matter [19]. In this model,
oligodendrogliopathy results in significant oligodendrocyte
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apoptosis with concomitant microglial activation,
astrocytosis, and finally active demyelination [20–23] despite
functional integrity of the blood–brain barrier (BBB) and ab-
sence of profound peripheral leucocyte recruitment.

Recent focus has turned to the role of chemokines in CNS
pathologies. Chemokines represent a group of chemotactic
proteins implicated in leucocyte attraction and activation un-
der inflammatory conditions [24–27]. Chemokines are small
proteins with a molecular weight ranging from 8 to 14 kDa
and can be subdivided into four groups depending on the
number and spacing of conserved cysteine residues in their
amino termini [28, 29]. Today, approximately 50 different
chemokines [30] and 20 corresponding receptors [31] have
been described in humans with orthologous homologies in
other mammalian species [25, 32]. Besides leucocyte attrac-
tion/activation, another critical function of chemokines is the
regulation of astrocyte and microglia function [33–39].
Chemokines are upregulated in various CNS pathologies
[40]. The expression and release of chemokines is induced
in demyelinating diseases and animal models, including
EAE [41] and the toxic cuprizone model [21]. The importance
of chemokines has also been demonstrated in other diseases
with myelin abnormalities and/or oligodendrocyte pathology,
including amyotrophic lateral sclerosis [42], Alzheimer’s dis-
ease [43], or schizophrenia [44].

It has been recently shown that numerous chemokines are
upregulated during cuprizone-induced demyelination and that
chemokines modulate cuprizone-induced pathology [41,
45–48]. The absence of CCL3, also called macrophage-
inflammatory protein-1α (MIP-1 α), delays demyelination
during cuprizone treatment [41], however, this effect is just
transient and not profound. This points at other chemokines
and their receptors to be synergistically and/or supplementary
involved in cuprizone-induced pathology. RNase protection
assays support this view and show that the induction of
CCL2 expression is more distinct in CCL3−/− compared with
wild-type animals. Due to a postulated redundant function of
chemokines, we created a mouse strain lacking both, CCL2
and CCL3, and investigated, whether a combined deficiency
of both chemokines substantially impacts on cuprizone-
induced demyelination and astrocyte/microglia activation.

Materials and Methods

Mice and Demyelination

C57BL/6 J mice were obtained from The Jackson
Laboratory's stock (000664) at Charles River (Sulzfeld,
Germany) and served as controls for CCL2/3 knockout (ko;
CCL2/3−/−) mice. CCL2/3−/− mutants were generated by ex-
tensive crossbreeding of CCL2 and CCL3 knockout mice.
CCL2−/− and CCL3−/− single deficient animals were obtained

from The Jackson Laboratory (B6.129S4-Ccl2tm1Rol/J,
B6.129P2-Ccl3tm1Unc/J). All animals were kept under stan-
dard laboratory conditions according to the Federation of
European Laboratory Animal Science Association's recom-
mendations. The procedures were approved by the Review
Board for the Care of Animal Subjects of the district govern-
ment (Nordrhein-Westfalen, Germany) and performed accord-
ing to international guidelines on the use of laboratory mice.
Demyelination was induced by feeding 10-week-old (19–
21 g) female mice with ground standard rodent chow contain-
ing 0.25 % cuprizone (bis-cyclohexanone oxaldihydrazone,
Sigma-Aldrich Inc., Germany) for the indicated period as pub-
lished previously [19, 23]. Control mice were fed ground
standard chow.

Tissue Preparation

Preparation of tissues was performed as previously described
[49–51]. For histological and immunohistochemical studies,
mice were transcardially perfused with 2 % paraformaldehyde
in phosphate-buffered saline (PBS; pH 7.2). After overnight
post-fixation in the same fixative, brains were dissected, em-
bedded in paraffin, and then coronary sectioned into 5 μm
sections from approximately the levels 215 to 525 (study for
CCL2/3−/− mice characterization) or the levels 255 to 295
(study for impact of CCL2/3-deficiency on cuprizone-
induced demyelination) according to the mouse brain atlas
of Sidman et al. For gene expression analyses, mice were
transcardially perfused with ice-cold PBS, brains subsequent-
ly removed, and the entire corpus callosum (CC) separated
from the cortex (Cx) as described previously [52, 53].
Tissues were immediately snap-frozen in liquid nitrogen and
kept at −80 °C until further use.

Histochemistry and Immunohistochemistry

For immunohistochemistry (IHC), sections were placed on
silane-coated slides, de-paraffinized, rehydrated, heat-
unmasked if necessary, blocked with PBS containing 1 %
normal horse or goat serum, and incubated overnight at 4 °C
with the primary antibodies diluted in blocking solution.
Primary antibodies and dilutions used in the study are given
in Table 1. After washing and blocking of endogenous perox-
idase with 0.3 % hydrogen peroxide (in PBS) for 30 min,
sections were incubated with appropriate biotinylated second-
ary antibodies for 1 h at room temperature, followed by
peroxidase-coupled avidin-biotin-complex (ABC kit, Vector
Laboratories). The di-amino-benzidine-reaction (DAB;
DAKO Deutschland GmbH, Germany) was used to visualize
peroxidase-avidin-biotin complexes. Sections were counter-
stained with standard hematoxylin to visualize cell nuclei if
appropriate. Secondary antibodies and dilutions used are giv-
en in Table 2. Stained sections were analyzed using a Nikon
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ECLIPSE 80i microscope. To estimate myelination, staining
intensity in anti-PLP-stained sections was quantified using
ImageJ after automatic setting of a threshold. Due to the abun-
dance of microglia cells and astrocytes in the midline of the
corpus callosum after cuprizone-induced demyelination, the
same strategy was followed to estimate differences between
astrogliosis/microgliosis in wild-type vs. chemokine deficient
animals. In contrast, extent of astrogliosis/microgliosis in the
cortical grey matter was estimated by manual counting of
cells. For cell quantification, two consecutive sections per
mice were evaluated, and values of both sections were aver-
aged. Adenomatous polyposis coli (APC)+, ionized calcium-
binding adaptor molecule 1 (IBA1)+, and glial fibrillary acidic
protein (GFAP)+ cells were only counted when a cell nucleus
was clearly visible. Cell numbers are given in cells per square
millimeter. Two blinded examiners performed manual cell
quantification twice and results were averaged. LFB/PAS
stains were performed following established protocols [49]
and evaluated as described elsewhere from our group [54].
Hypertrophy of microglia cells was analyzed by quantifying
the mean area covered per microglia cell in IBA-1-stained
sections using the area measurement tool integrated in the
Nikon NIS Elements software (version 3.22.14, Nikon,
Germany).

Cell Culture and Treatment

All cells were kept at 37 °C and 5 % CO2 in a humidified
incubator.

Primary mouse astrocyte cultures were prepared from the
brains of 1 to 2-day-old wild-type or CCL2/3−/− mice as pub-
lished previously [55]. Briefly, meninges were carefully re-
moved from cerebral hemispheres and the tissue mechanically
disrupted using a pipette. Single-cell suspensions were trans-
ferred to culture dishes (3 brains/10 cm dish) and kept in
Dulbecco's modified Eagle's medium (DMEM; Gibco, Life
Technologies, Germany) supplemented with 10 % heat-

inactivated fetal calf serum (FCS; PAA Laboratories GmbH,
Germany), 50 U/ml penicillin, and 50 μg/ml streptomycin
(P/S; Gibco, Life Technologies, Germany) until 80–90% con-
fluence was reached. The medium was replaced every other
day. Before starting the experiment, cells were sub-cultured
1:10 in fresh 10 cm dishes to minimize microglial contamina-
tion and grown till 80–90 % confluence. For treatment, cells
were seeded into six-well plates, grown to 80 % confluence
and treated with 1–10μg/ml lipopolysaccharide (LPS; L4391,
Sigma-Aldrich, Germany) or vehicle for 24 h.

Isolation of mouse peritoneal macrophageswas performed
from adult wild-type and CCL2/3−/− mice. Animals were
killed and the abdominal skin carefully removed leaving the
peritoneum intact; 5 ml of PBS containing 3 % FCS was
injected with a 25-gauge needle into the peritoneal cavity.
After gently massaging the abdominal walls for a fewminutes,
the liquidwas removed with a 25-gauge needle and placed in a
falcon tube on ice. The peritoneal cavity was opened, and the
remaining liquid carefully collected with a syringe without
aspirating blood. The number of isolated macrophages was
approximately 106 cells per mouse. The suspension was cen-
trifuged for 5 min at 400×g, washed once with PBS, and re-
suspended in 10 ml RPMI (Gibco, Life Technologies,
Germany) containing 10 % FCS and P/S; 2×105 cells were
subsequently seeded per six-well plate and left in the incuba-
tor. To remove dead cells and cell debris, the medium was
changed after 2 h. After overnight incubation, cells were treat-
ed with 1 μg/ml LPS for 2 h in RPMI containing 10 % FCS
and P/S. After treatment, the supernatant was removed and
stored at −80 °C until further use.

Real-time Reverse Transcriptase-Polymerase Chain Reaction

Gene expression levels were investigated using the real-time
reverse transcriptase-polymerase chain reaction (rtRT-PCR)
technology (BioRad, Germany), SensiMix SYBR Green
(Bioline, Germany), and a standardized protocol as described

Table 1 Primary antibodies used for IHC/ICC

Antibody Host Directed against Dilution AGR Supplier cat. No.

GFAP Rabbit Glial fibrilary acidic protein (astrocytes) 1:5000 Tris/EDTA Encore, RPCA-GFAP

IBA1 Rabbit Ionized calcium binding adaptor molecule-1 (microglia) 1:3000 Tris/EDTA Wako, 019-19741

APC/CC1 Mouse Adenomatous polyposis coli (mature oligodendrocytes) 1:250 Tris/EDTA Calbiochem OP80

OLIG2 Rabbit Oligodendrocyte transcription factor 2 (oligodendrocytes) 1:2000 Tris/EDTA Millipore, AB9610

PLP Mouse Proteolipid protein (myelin) 1:1500 None AbD Serotec, MCA839G

Table 2 Secondary antibodies
for IHC/ICC Antibody Host Directed against Dilution Supplier cat. No.

Biotinylated anti-mouse IgG Horse Mouse IgGs 1:50 Vector Lab. BA-2000

Biotinylated anti-rabbit IgG Goat Rabbit IgGs 1:50 Vector Lab. BA-1000

Mol Neurobiol (2016) 53:1551–1564 1553



previously [50, 55, 56]. Primer sequences and respective an-
nealing temperatures are given in Table 3. The expression
level of the ribosomal RNA 18 s (18 s) was used as a reference
for mouse samples. Constant expression of the reference gene
under all experimental conditions was routinely tested.
Furthermore, melting-curve analyses and gel-electrophoresis
of the products was performed to assess specificity of the
amplification (not shown).

Genotyping of CCL2/3−/− Mice

Genotyping was performed using standard PCRwith genomic
DNA isolated from a small piece of mouse tail. For DNA
isolation, the Nucleospin tissue Kit (Macherey-Nagel,
Germany) was used according to the manufacturer's recom-
mendations for mouse tails. Briefly, the PCR reaction was
conducted using BioXAct short DNA polymerase (Bioline,
Germany; BIO-21065), PCR optimization Kit buffers G, C,
or I and 2 μl of genomic DNA. The primer sequences, product
sizes, and the buffer used for PCR reaction are given in
Table 4. The genotyping strategy is illustrated in Fig. 1.

Enzyme-Linked Immunosorbent Assay

CCL2 and CCL3mouse enzyme-linked immunosorbent assay
(ELISA; Peprotech, Germany) experiments were carried out
according to the manufacturer's protocol. Color development
of the ABTS substrate (Sigma-Aldrich, Germany) was moni-
tored with a Tecan infinite 200-plate reader at 405 nm with a
wavelength correction at 650 nm. Chemokine release was
normalized to total protein content of cell lysate as determined
with the Pierce BCA protein Assay (Thermo Fisher Scientific,
Germany).

Statistical Analysis

Statistics were performed using absolute data. Intergroup dif-
ferences were tested by one-way ANOVA followed by
Tukey's post hoc test using GraphPad Prism 5 (GraphPad
Software Inc.) if not stated otherwise. All data are given as
arithmetic means±SEM. p values are indicated as *p≤0.05;
**p≤0.01; ***p≤0.001. Two separate animal cohorts were
performed with N=5 per experimental group, each.

Results

CCL2/3−/− Mice Are Viable, Fertile, and Show No Gross
Physical or Behavioural Abnormality

To study redundant functions of CCL2 and CCL3 in the
cuprizonemodel, we generated CCL2/CCL3 double knockout
animals by extensive breeding. Both genes are located on
chromosome 11 with a distance of 1.24 cM, meaning that
the genes have a recombination frequency of around 1.24 %.
We crossbred the two commercially available single knockout
strains from Jackson laboratory. The F1 generation of hetero-
zygous CCL2−/+CCL3−/+ mice was further mated to obtain
homozygous double knockout mice.

After extensive breading cycles, we finally obtained ani-
mals lacking the genes for both chemokines, CCL2 and CCL3
as verified by genotyping. The obtained homozygous
CCL2/3−/− mice are viable and fertile. The genotyping strate-
gy is illustrated in Fig. 1a, b. To detect either wild-type or
mutantCcl2, one single PCRwith a common antisense primer
(Ccl2-P1 in Fig. 1a), and two distinct wild-type (Ccl2-P2) vs.
mutant (Ccl2-P3) sense primers have been conducted. To de-
tect either wild-type or mutant Ccl3, two separate PCRs were
performed. One primer pair (Ccl3-P1 and Ccl3-P2) detects the
wild-type locus, whereas the other primer pair (Ccl3-P3 and
Ccl3-P4) detects the mutant locus. Sense primers for both
cases (i.e.,Ccl2 orCcl3 genotyping) were located at the region
of the initially introduced neomycin cassette [57, 58]. In a
standard PCR approach, homozygous wild-type mice display
one band of 287 bp for theCcl2 gene and one of 150 bp for the
Ccl3 gene, whereas knockout mice show a 179-bp band for
the disrupted Ccl2 and a 600-bp band for the disrupted Ccl3
gene (compare Fig. 1b). In contrast, heterozygous CCL2−/+

mice show a 287-bp band for the Ccl2 wild-type gene and a
179-bp band for the Ccl2 knockout gene as they posse both
gene variants, one on each chromosome 11. This also applies

Table 3 List of primers used for rtRT-PCR and PCR

Name Forward sequence 5′-3′ Reverse sequence 5′-3′

Ccl2 mouse tta aaa acc tgg atc gga acc aa gca tta gct tca gat tta cgg gt

Ccl3 mouse ttc tct gta cca tga cac tct gc cgt gga atc ttc cgg ctg tag

18 s mouse cgg cta cca cat cca agg aa gct gga att acc gcg gct

Table 4 List of primers and buffers used for genotyping

Name Sequence 5′-3′ Size (bp) Buffer

Ccl2 Mut s s GCC AGA GGC CAC TTG
TGTAG

179 G

Ccl2 WT s s TGA CAG TCC CCA GAG
TCA CA

287

Ccl2 common as as TCATTG GGATCATCT
TGC TG

Ccl3 WT s s ATA CAA GCA GCA GCG
AGTACC

150 C

Ccl3 WT as as ATG GCG CTG AGA AGA
CTT G

Ccl3 Mut s s TAA AGC GCATGC TCC
AGA CT

600 I

Ccl3 Mut as as AGA GTC CCT CGATGT
GGC TA
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for CCL3−/+ heterozygous mice which show two bands with
150 and 600 bp for the Ccl3 wild-type and Ccl3 knockout
gene, respectively.

To further verify double-gene deletion on the level of ge-
nomic DNA, we sequenced the PCR products of the

genotyping PCR for the knockout sequence and compared it
with the wild-type sequence of Ccl2 and Ccl3 as published at
ENSEMBL (Ccl2, ENSMUSG00000035385 and Ccl3,
ENSMUSG00000000982). Figure 1c shows a part of the se-
quencing result at the transition site of the neomycin cassette
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wild type sequence
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A B
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Ccl2-P1
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Ccl3-P3

Ccl3-P4

Fig. 1 Genotyping strategy and DNA sequencing of CCL2/3−/− mice. a
Genotyping strategy for wild-type (wt) and CCL2/3-deficient (CCL2/3−/−)
mice is shown. Note that the sense primers (Ccl2-P3 and Ccl3-P4)
detecting the knockout is placed in the neomycin cassette, which was
introduced into the gene of interest when generating the original single
knockout mouse. b Gel electrophoresis of PCR-based genotyping of
CCL2/3−/− mice and expected product size. c Breeding scheme and gene
sequence obtained by sequencing the genotyping PCR products. Both

genes are located on chromosome 11 with a distance of 1.24 cM
(recombination frequency=1.24 %). Note that the mutant sequence is
partially homologous to the wild-type sequence representing the sites of
homologous recombination during initial generation of the single
knockout mice. The non-homologous part of the mutant sequence likely
represents a part of the neomycin cassette and did not give a specific result
in a BLAST mouse genome search
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and the homologous recombination site of the mutant se-
quences paired with the wild-type sequence of Ccl2 (upper
sequence) or Ccl3 (lower sequence). We found that the se-
quenced DNA is partly homologous to the Ccl2 or Ccl3 gene
representing the homologous recombination sites present in

the vector which was used to introduce the disrupted sequence
into the genome of the single knockout mice [57, 58]. The
adjacent non-homologous sequence did not give a specific
result in a BLAST search and very likely represents a part of
the neomycin cassette present in the disrupted gene.

Fig. 2 CCL2/3−/− mice do not
express CCL2 and CCL3 protein.
a Expression of Ccl2 and Ccl3
mRNA in wild-type and
CCL2/3−/− mice after 1 week
cuprizone treatment. Levels of
Ccl2 and Ccl3 transcripts are
strongly induced in wild-type
mice after cuprizone treatment
comparedwith controls, but not in
CCL2/3−/− mice. b CCL2 and
CCL3 protein levels in the
supernatant of control, 1 and
10 μg/ml LPS-stimulated
CCL2/3−/−, and wt astrocytes.
Note the significant increase of
CCL2 and CCL3 protein in LPS-
stimulated wt but not CCL2/3−/−

cultures. c CCL2 and CCL3
protein levels in the supernatant
of control and 1 μg/ml LPS-
stimulated peritoneal
macrophages. No CCL2/3 protein
was detected in cells isolated from
CCL2/3−/− mice (nd not
detectable)
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Fig. 3 CCL2/3−/− mice show normal brain morphology and histology.
Immunohistochemical and histochemical characterization of untreated
CCL2/3−/− mice compared with wild-type controls. GFAP (a), IBA1
(b), OLIG2 (c), and PLP (d); immunehistochemistry of CCL2/3−/− mice
and wild-type mice at the level 305 according to the mouse brain atlas of
Sidman et al. e Quantification and a representative picture of microglia

area in the respective genotypes within the somatosensory cortex.
Regions of interest are indicated in the hematoxylin stained overview
picture (f; corpus callosum (CC) and layer 4 of the somatosensory
cortex (Cx)). No gross abnormality was observed in CCL2/3−/− mice
compared with the wild-type controls. Scale bars, 50/25 μm
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Ccl2 and Ccl3 Expression Is Disrupted in CCL2/3−/− Mice

In a next step, we verified the knockout of Ccl2 and Ccl3 on
the messenger RNA (mRNA) and protein level. To study
mRNA levels of Ccl2 and Ccl3 in double knockout mice,
we fed wild-type and CCL2/3−/− mice with 0.25 % cuprizone
for 8 days. As shown in Fig. 2a, in cuprizone-exposed wild-
type but not CCL2/3−/−mice, there was a strong expression of
Ccl2 and Ccl3 transcripts. To study CCL2 and CCL3 deletion
on the protein level, we performed ELISA experiments with
primary astrocytes and peritoneal macrophages isolated from
respective mutants or wild-type animals. Astrocytes and mac-
rophages were treated with LPS as indicated in the figure
legend, and CCL2 and CCL3 protein levels were quantified
in the supernatant of these cell cultures. As shown in Fig. 2b, c,
both cell types released significant amounts of CCL2 and
CCL3 after LPS stimulation. LPS-induced chemokine release
was not observed in chemokine-deficient animals. Taken to-
gether, these results clearly illustrate that both chemokines,
CCL2 and CCL3, are not expressed in double-deficient
animals.

CCL2/3−/− Mice Display Normal Brain Morphology

To address the morphology and histology of the brains of
CCL2/3−/− mice, coronary sections of 6-week-old wild-type
and knockout mice were investigated using immunohisto-
chemistry (Fig. 3a–d). Brains were sectioned from the levels
215–525 according to the mouse brain atlas of Sidman et al.
Figure 3 shows representative pictures of the level 305 from
wild-type and CCL2/3−/− mice. The main regions of interest
were the medial corpus callosum (CC) and the layer 4 of the
somatosensory cortex (Cx) as indicated in the hematoxylin
eosin-stained overview. No gross abnormalities were detected
on the cellular level regarding GFAP+ astrocytes (Fig. 3a),
IBA1+ microglia (Fig. 3b), OLIG2+ oligodendrocytes
(Fig. 3c), or PLP+ myelin fibers (Fig. 3d). To substantiate
these observations, the number of astrocytes, microglia, and
oligodendrocytes was systematically evaluated within differ-
ent parts of the mouse brain, namely the medial and lateral part
of the CC, the telencephalic Cx, the gyrus dentatus of the
hippocampus formation, and the cerebellar white matter. No
significant difference in cell numbers was found between
wild-type and CCL2/3− /− mice (data not shown).
Furthermore, we quantified the area covered per IBA1+ mi-
croglia cell, as another indicator of microglia reactivity. As
shown in Fig. 3e, no significant difference was observed for
this cell parameter. Finally, we investigated the morphology of
the liver, spleen, and kidney using hematoxylin eosin stain but
did not observe any gross abnormalities compared with wild-
typemice (not shown). Taken together, CCL2/3−/−mice reveal
normal brain morphology and histology and no abnormalities
in the three major organ systems.

CCL2/3−/− Mice Display Less Severe Demyelination,
Astrogliosis, and Oligodendrocyte Loss in the Cortex
After Cuprizone-Induced Demyelination

To test the function of CCL2 and CCL3 in vivo, CCL2/3−/−

mice were treated with 0.25 % cuprizone for 5 weeks and the
extent of demyelination compared with cuprizone-treated
wild-type C57BL/6 mice. As shown in Fig. 4a, severe demy-
elination was evident in the midline of the corpus callosum in
both genotypes. Extent of white matter demyelination was
comparable in both mice strains. In PLP-stained sections,
myelination values were 10.6±4.5 % (mean±standard error)
in wild-type animals and 12.4±3.3 % in CCL2/3−/− animals.
Comparably, myelination evaluated in LFB/PAS-stained sec-
tions did not show any significant difference between both
genotypes (3.2±0.8 % in wild-type vs. 5.8±1.3 % in
CCL2/3−/−). In line with these findings, activation of astro-
cytes and microglia was similar in CCL2/3−/− and wild-type
mice. Thus, the absence of CCL2 and CCL3 obviously does
not ameliorate cuprizone-induced demyelination in the stud-
ied white matter tracts.

Demyelination in the cuprizone model is evident not only
in the white matter but also in distinct grey matter regions [59,
60]. To evaluate whether chemokine deficiencymight result in
myelin preservation in less severe inflamed regions such as
the cerebral cortex, we analyzed the extent of myelin loss
within the somato-sensory cortex region. As demonstrated in
Fig. 5a, severe cortical demyelination was evident after
5 weeks of cuprizone exposure. Interestingly, myelin loss
was less prominent in CCL2/3−/− compared with wild-type
mice. In wild-type mice, myelination index declined from
100 to 20.5 %, whereas the myelination index dropped from
100 to 70.4% (p<0.001) in CCL2/3−/−mice. In line with these
findings, loss of OLIG2+ oligodendrocytes was reduced in
CCL2/3−/−mice (Fig. 1b). Comparably, the number of mature,
myelinating oligodendrocytes, as estimated by anti-APC im-
munohistochemistry, was higher in CCL2/3−/− compared with
wild-type mice (data not shown). We furthermore analyzed the
response of cortical astrocytes and microglia. As demonstrated
in Fig. 4c, d, astrocytosis but not microgliosis was less strong
in the cortex of CCL2/3−/− compared with wild-type mice.

�Fig. 4 Ccl2/3−/− mice show equal demyelination and gliosis in the
corpus callosum after cuprizone treatment compared with wt mice. a
Evaluation of PLP staining intensity in wild-type and CCL2/3−/− mice
after 5 weeks cuprizone treatment in the corpus callosum. Scale bars,
100/50 μm. CCL2/3−/− and wild-type mice show similar demyelination.
Representative pictures are shown on the right side. Furthermore, LFB/
PAS-stained pictures are shown in the lower row. b Evaluation of GFAP+

cells in the corpus callosum of the control and cuprizone-treated
CCL2/3−/− and wild-type mice. c Analysis of IBA1+ cells in the corpus
callosum of wild-type and CCL2/3−/− mice treated 5 weeks with
cuprizone and representative pictures of IBA1 immunohistochemistry.
Cuprizone treatment induces comparable astrogliosis and microgliosis
in both wild-type and CCL2/3−/− mice. Scale bar, 100 μm
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Discussion

Actively demyelinating MS lesions are separated into four
patterns, comprising the vast majority of analyzed biopsy ma-
terial. It was suggested that pattern III lesions occur when
oligodendrocytes are subjected to environmental factors (vi-
ral, chemical, or vascular dysfunction) that produce metabolic
stress [61]. These pattern III MS lesions might involve a pro-
cess called “dying back gliopathy,” as the distal elements of
oligodendrocyte processes show the earliest signs of degener-
ation [62]. The cuprizone model reflects various aspects of
pattern III lesion development. Feeding mice the copper che-
lator cuprizone is believed to inhibit mitochondrial function
and cause CNS demyelination. More than 25 years ago,
dying-back gliopathy in cuprizone-induced demyelination
was described [63]. Our group was recently able to verify
these findings in very early stages of cuprizone-induced
oligodendrogliopathy [64]. At least during the early stages,
cuprizone-induced oligodendrogliopathy is clearly mediated
through classical apoptotic signaling cascades [21, 65].
Notably, cuprizone-induced demyelination lesions have addi-
tional similarities with pattern III lesions of MS, including
indistinct lesion borders and abundant accumulation of
lesion-located microglia but only a sparse hemic leukocyte
response [66]. To conclude, distinct but important aspects of
MS lesion development and progression are mimicked by the
cuprizone model, and a better understanding of cuprizone-
induced oligodendrocyte loss, inflammation, and demyelin-
ation will help to get insight into what is going on in the
MS-diseased brain.

We and others have shown that chemokines are upregulat-
ed in the cuprizone-induced model of demyelination in which
the BBB remains intact and T cells are not involved in the
disease process [19]. Induced chemokines include
CCL5/RANTES, CCL4/MIP-1β, CCL3/MIP-1α, CXCL10/
IP-10, or CCL2/MCP-1. An induction of these chemokines
can be detected as early as 1 week after the start of treatment

well before demyelination is observed [21, 41, 48, 67]. Thus,
it is likely that chemokines orchestrate microgliosis and
astrogliosis in the cuprizone model.

In the current study, we focused on the two chemokines
CCL2 and CCL3. CCL2 is a potent chemo-attractant that can
be produced by various cell types including astrocytes, mi-
croglia, endothelial cells, and macrophages [68] and can inter-
act with different target cells among monocytes, activated T
cells, natural killer (NK) cells, or microglia [69]. CCL2 medi-
ates its effects by binding to and activating its main chemokine
receptor CCR2, a seven-transmembrane-spanning protein that
is functionally linked to downstream signaling pathways
through heterotrimeric G proteins [70]. CCL2-deficient mice
are markedly resistant to the induction of EAE and show a
significant reduction in macrophage recruitment into the CNS
[71]. Furthermore, CCR2 knockout mice display an amelio-
rated disease course compared with their wild-type littermates
[72–74]. Importantly, CCR2 disruption did not result in 100%
protection in EAE but disease course was characterized by a
delayed onset and lower maximum disease score [73]. In this
context, it is important to notice that chemokines often act in
concert with other chemokines and cytokines to affect tissue
infiltration and inflammation [75]. The functional relevance of
CCL3 during EAE disease induction and progression is con-
troversially discussed. On one hand, CCL3-deficient mice are
fully susceptible to MOG-induced EAE [76], whereas on the
other hand, anti-CCL3 antibody treatment inhibited the devel-
opment of acute EAE [77]. In line with the finding that CCL3
neutralization improves autoimmune-triggered inflammation,
it has been shown that this chemokine plays a pivotal role in
the development of recurrent anterior uveitis [78]. To con-
clude, both chemokines are potent regulators during
lymphocyte-driven inflammatory events and might be thera-
peutic targets in the future to ameliorate the deleterious effects
of peripheral immune cells in the MS diseased CNS.

In the context of cuprizone-induced pathology, where mi-
croglia activation is an outstanding histopathological hallmark
(compare Figs. 4 and 5), it is important to notice that both
chemokines regulate microglia responses. CCL2 and CCL3
induce migration [79–81], proliferation [82], and activation
[83, 84] of microglia. The functional relevance of CCL2 and
CCL3 during cuprizone-induced demyelination is not well-
addressed in the literature. The absence of CCL3 delays de-
myelination during cuprizone treatment [41]. CCL2 expres-
sion was compensatory induced in the brain of CCL3-
deficient animals. Unexpectedly, CCL2/3−/−mice in our study
were fully susceptible to cuprizone-induced white matter de-
myelination. The extent of corpus callosum demyelination
was comparable in both mice strains. Thus, double-deficient
animals display the same vulnerability against a 5-week
cuprizone intoxication challenge as compared with the
CCL3 single-knockout strain [41]. In contrast to the study of
McMahon et al., we extended our analysis to the adjacent

�Fig. 5 CCL2/3−/−mice show less severe demyelination, oligodendrocyte
loss, and astrogliosis after cuprizone treatment in the cortex compared
with wt animals. a Evaluation of PLP staining intensity in wild-type
and CCL2/3−/− mice after 5 weeks cuprizone intoxication. CCL2/3−/−

mice show considerably less demyelination in the cortex region. The
right panel shows representative pictures of PLP-stained sections of
control and 5 weeks cuprizone-treated wild-type and CCL2/3−/− mice.
Note that CCL2/3−/− mice show more OLIG2+ cells in the cortex area
compared with wild-type mice. c Evaluation of GFAP+ cells in the cortex
of cuprizone-treated CCL2/3−/− and wild-type mice and representative
pictures of GFAP immunohistochemistry. Note that CCL2/3−/− mice
display less pronounced astrogliosis after 5 weeks of cuprizone
treatment in the cortex compared with wild-type mice. d Analysis of
IBA1+ cells in the cortex of control and cuprizone-treated wild-type and
CCL2 /3 − / − mice and r ep r e s en t a t i v e p i c t u r e s o f IBA1
immunohistochemistry. Cuprizone treatment induces similar
microgliosis in both wild-type and CCL2/3−/− mice. Quantification was
performed in layer 4 of the somatosensory cortex. Scale bar, 50 μm
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cortical grey matter. The reason for that was that myelin loss
and the concomitant activation of microglia is less severe in
the cortex compared with the white matter corpus callosum
[59]. Due to the lower magnitude of chemokine-triggered lo-
cal inflammation, we speculated that under these circum-
stances the absence of distinct chemokines might result in a
preservation of inflammation and in consequence myelin loss.
Our findings show that cuprizone-induced myelin loss is sig-
nificantly lower in CCL2/3−/− compared with wild-type ani-
mals. Astrocytosis but not microgliosis was less distinct in the
knockout mice, raising the possibility that microglia are the
principal source of CCL2 and CCL3 in this model, whereas
astrocytes and oligodendrocytes are the respective target cells.
In line with this assumption, it has been shown that astrocytes
express in an activated state the respective chemokine recep-
tors such as CCR1 [85], CCR2 [86], and CCR5 [87].

In summary, our results suggest that CCL2 and CCL3 in
concert orchestrate cuprizone-induced demyelination and as-
trocyte activation in a region-specific manner with particular
efficacy in the grey matter. Future studies have to address the
cell-type specificity of these effects, i.e., unravel the underly-
ing cell–cell interactions, and apply CCL2-deficient mice in
EAE pathology.

This study, however, harbors several limitations. First, we
did not systematically address the effect of either CCL2 or
CCL3 deficiency on cuprizone-induced demyelination. Data
obtained from a limited number of animals indicate that the
combined deletion of both chemokines is required to effec-
tively prevent cortical myelin loss (data not shown). Second,
we have not yet addressed which cell types express the
chemokines, andwhether this cellular expression changes dur-
ing lesion progression. Last but not least it will be essential to
study the impact of combined CCL2/3 deficiency on myelin
pathology in other MS-related animal models such as EAE in
the future. Nevertheless, this is the first report describing that
CCL2/3−/− animals are viable, fertile, and do not show any
gross abnormalities, and that the combined deficiency of these
chemokines results in a partial protection of the grey matter
from experimentally induced demyelination. These animals
are now available for future mechanistic studies which aim
to address redundant chemokine function.
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