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Whether microglia and macrophages are beneficial or harmful in many neurological disorders, including demyelinating diseases such as
multiple sclerosis and the leukodystrophies, is currently under debate. Answering this question is of special interest in globoid cell
leukodystrophy (GLD), a genetic fatal demyelinating disease, because its rapidly progressive demyelination in the nervous system is
accompanied by a characteristic accumulation of numerous globoid macrophages. Therefore, we cross-bred the twitcher (twi) mouse, a
bona fide model of GLD, with the macrophage-deficient osteopetrotic mutant and studied the resultant macrophage-deficient twitcher
(twi�op) mouse. The twi�op mouse had few microglia and macrophages in the white matter and, interestingly, showed a more severe
clinical phenotype compared to the twi mouse. The number of nonmyelinated axons in the spinal cord was significantly higher in twi�op
mice than in twi mice at 45 d old. The difference appeared to be due to impaired remyelination in twi�op mice rather than accelerated
demyelination. Quantitative reverse transcription PCR and immunohistochemical studies revealed that the recruitment of oligodendro-
cyte progenitor cells in response to demyelination was compromised in twi�op mice. Increased myelin debris in the white matter
parenchyma of twi�op mice suggested that phagocytosis by macrophages may play an important role in promoting remyelination.
Macrophage markers for both protective and destructive phenotypes were significantly upregulated in the spinal cord of twi mice but
were close to normal in twi�op mice due to the reduced macrophage number. The overall effects of macrophages in GLD appear to be
beneficial to myelin by promoting myelin repair.

Introduction
Microglia and macrophages are functionally divergent and the
answer to whether they are beneficial or harmful may differ in
many neurological disorders, including demyelinating diseases
such as multiple sclerosis and the leukodystrophies (Schwartz et
al., 2006; Neumann et al., 2008; Popovich and Longbrake, 2008).
In addition to clearing tissue debris as phagocytes, these cells
primarily appear to function as the immunocompetent cells of
the CNS, initiating inflammation by secreting proinflammatory
cytokines such as tumor necrosis factor (TNF)-�, interleukin
(IL)-1�, and IL-6 and by releasing free radicals such as nitric
oxide (NO) (Hanisch and Kettenmann, 2007; Tambuyzer et al.,
2009). Expression of the class II major histocompatibility com-
plex (MHC II) on microglia/macrophages has indicated that
these cells function as antigen-presenting cells that initiate T
lymphocyte-mediated immune response (Ulvestad et al., 1994).
These activities of microglia/macrophages were initially thought
to be harmful to other cells of the CNS [e.g., neurons and oligo-
dendrocytes (OLs)]. However, increasing evidence suggests that

microglia/macrophages may protect or promote the develop-
ment and survival of neurons and OLs. For example, microglia-
derived molecules such as TNF-� (Arnett et al., 2001), IL-1�
(Mason et al., 2001), and MHC II (Arnett et al., 2003) have been
shown to promote remyelination in mouse models of demyeli-
nation by promoting proliferation or differentiation of oligoden-
drocyte progenitor cells (OPCs) directly or indirectly. NO has
been shown to be protective against apoptotic death of OLs (Ar-
nett et al., 2002). Moreover, depletion of macrophages delays
CNS remyelination, perhaps via induction of insulin-like growth
factor (IGF)-1 and transforming growth factor (TGF)-�1 expres-
sion in a rat model of chemically induced demyelination (Kotter
et al., 2005).

In globoid cell leukodystrophy (GLD; Krabbe’s disease), the
roles of microglia and macrophages in particular remain unclear.
GLD is a rapidly progressive demyelinating disease caused by a
genetic deficiency in the activity of a lysosomal enzyme, galacto-
cerebrosidase (GALC) (Suzuki and Suzuki, 1970). It is patholog-
ically characterized by the accumulation of numerous blood-
borne macrophages in the CNS and PNS before or concomitant
with demyelination (Taniike and Suzuki, 1994; Wenger et al.,
2001). GALC defective OLs and Schwann cells are unable to de-
grade its substrate, galactocerebroside. Unlike other lysosomal
storage diseases, however, storage of galactocerebroside in the
myelinating cells does not occur while psychosine, a cytotoxic
lipid metabolite, accumulates and kills OLs and Schwann cells,
leading to demyelination (the psychosine hypothesis) (Miyatake
and Suzuki, 1972).
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To investigate whether microglia/macrophages contribute in
a positive or negative way to the pathophysiology of GLD, we
cross-bred the twitcher (twi) mouse, a bona fide model of Krab-
be’s disease, with the macrophage-deficient osteopetrotic (op)
mouse (Wiktor-Jedrzejczak et al., 1990; Yoshida et al., 1990); the
resultant macrophage-deficient twitcher (twi�op) mouse was
examined for the following: (1) clinical phenotypes and demyeli-
nating pathology; (2) levels of psychosine accumulation; (3)
mRNA expression levels of inflammatory molecules and growth
factors; and (4) changes in phenotypic markers of macrophages.

Materials and Methods
All experimental procedures were approved by the Animal Care and Use
Committee. The University of Wisconsin-Madison operates in full com-
pliance with federal guidelines.

Generation of twi�op double mutant. Homozygous op mice are defi-
cient in the expression of macrophage colony-stimulating factor (CSF)-1
because of a point mutation in the CSF-1 gene that results in truncated
and inactive CSF-1 protein (Wiktor-Jedrzejczak et al., 1990; Yoshida et
al., 1990). To elucidate the roles of microglia/macrophages in GLD, we
have created the macrophage-deficient twi mouse by cross-breeding op
mice with twi mice. Heterozygous B6.CE GALC twi/� mice (The Jackson
Laboratory) were bred to heterozygous B6C3Fe CSF-1 op/� mice (The
Jackson Laboratory.). F1 mice heterozygous for both twi and op muta-
tions were identified and mated to produce the twi�op double mutant as
well as the double carriers for further breeding. In this study, we analyzed
the animals of F4 –F11 generations. Hereafter, the animals used in this
study are on this new background unless noted.

The op and twi�op mutants were weaned at postnatal day (P)-16 and
fed with liquid diet (L10012G, Research Diets) in a 35 mm plastic dish lid
(Corning) twice a day. They also had ad libitum access to powdered
rodent diet (Harlan Teklad). To ease the difficulty in eating and drinking
in later life, we also fed twi mice with the liquid diet after weaning at P21
as well as crushed food pellets on the cage floor. The animals were im-
mediately killed when they became paraplegic or were unable to take
food or water.

PCR diagnosis of GALC and CSF-1 genotypes. To identify twi and op
mutation, we combined two previously reported methods for PCR of
genomic DNA— one for twi mutation (Sakai et al., 1996) and the other
for op mutation (Lieschke et al., 1994). The primers were as follows: twi
sense primer (5�-CACTTAATTTTCTCCAGTCAT-3�) and antisense
primer (5�TAGATGGCCCACTGTCTTCAGGTGATA-3�); op sense
primer (5�-TGTGTCCCTTCCTCAGATTACA-3�) and antisense primer
(5�-GGTCTCATCTATTATGTCTTGTACCAGCCAAAA-3�). The un-
derlined CC indicates a mismatch sequence. The PCR mixture (20 �l)
contained 2.5 mM MgCl2, 125 �M each dNTP, 100 nM each primer, 10�
PCR buffer (Promega), 0.025 U/�l TaqDNA polymerase (Promega), and
2 �l of genomic DNA isolated from tail tip biopsy. The samples were
denatured for 2 min at 94°C, followed by 35 cycles of 94°C for 30 s, 50°C
for 30 s, and 72°C for 30 s, and the final extension reaction at 72°C for 7
min. The PCR products were digested with 5 U of EcoRV and 5 U of BglI
in buffer D (Promega) per 20 �l of PCR product for 1 h at 37°C. The
digested fragments were separated by 8% polyacrylamide gel and visual-
ized by ethidium bromide. This analysis demonstrated following frag-
ments: for the twi mutation, 260 bp for wild type, 240 bp for GALCtwi /twi,
and both for GALCtwi /�; for the op mutation, 96 bp constant band plus
99 bp for wild type, 70 bp for CSF-1op /op, and both for CSF-1op /�.

Histology. To avoid potentially large variations or misleading of results
based on sex differences in parameters of OLs and myelin (Mack et al.,
1995; Cerghet et al., 2006; Li et al., 2006; Kim and Juraska, 1997), we used
only female mice for the histological analyses and male mice for the
biochemical, Western blot, and gene expression analyses. Methods for
immunohistochemistry, toluidine blue myelin staining, and electron mi-
croscopy have been described previously in detail (Kondo et al., 2005).
Briefly, female wild-type, op, twi, and twi�op mice at P15, P30, P40, and
P45 (n � 3 each group) were injected with 5-bromo-2�-deoxyuridine
(100 mg/kg in saline, i.p.; Sigma) 8, 16, and 24 h before killing and
perfusion fixed with 4% paraformaldehyde and 0.2% picric acid in 0.1 M

phosphate buffer (PB), pH 7.4. The brain, spinal cord, and sciatic nerves
were removed and postfixed for a further 10 h. Free-floating sections
were cut on a cryostat at 20 �m for immunohistochemistry. The free-
floating sections were immunolabeled with the following primary antibod-
ies: rabbit anti-glial fibrillary acidic protein (GFAP) (DakoCytomation,
1:80,000); rabbit anti-NG2 chondroitin sulfate proteoglycan (Millipore,
1:5000); rabbit anti-� form of glutathione S-transferase (GST-�) (MBL,
1:100,000); rabbit anti-Iba-1 antibody (Wako, 1:5000); and rat anti-mouse
CD45 (Serotec, clone IBL-3/16, 1:5000). We used the anti-CD45 antibody to
demonstrate microglia/macrophages at lower magnifications (see Fig. 2A),
as it gave the crispest staining among the monocyte markers tested. Although
CD45 is a pan-leukocyte marker, we took advantage of the unique pathology
of GLD that is devoid of leukocytes other than macrophages (Ohno et al.,
1993; Matsushima et al., 1994). For negative control staining, the primary
antibodies were omitted and no staining was observed. Iba-1(1:500) immu-
nolabeling for the sciatic nerve (see Fig. 5) was performed on slide-mounted
sections cut at 6 �m.

For the double-immunofluorescence staining shown in Figures 8 and
9, lighter fixation was used to obtain optimal staining with fixation-
sensitive antibodies. Briefly, the animals (n � 4 each group) were
perfusion-fixed with 20 ml of 4% paraformaldehyde in PB followed by 20
ml of 7.5% sucrose in PB and 20 ml of 15% sucrose in PB. The cervical
spinal cord was removed, immediately snap-frozen with dry ice powder,
cut at 10 �m on the cryostat, mounted on glass slides, and kept at �80°C
until use. Sections were incubated with 5% normal donkey serum (NDS)
in PB containing 0.3% Triton X-100 for 15 min and then with the first
primary antibody overnight at 4°C, followed by the second primary an-
tibody, rabbit anti-Iba-1 (1:500), for 1 h at room temperature. The first
primary antibodies were as follows: rabbit anti-arginase-1 (Santa Cruz
Biotechnology, H-52, 1:100); rat anti-CD206 (Serotec, clone 5D3, 1:50);
rat anti-mouse CD16/CD32 (BD Biosciences, clone 2.4G2, 1:800); hamster
anti-mouse CD11c (eBioscience, clone N418, 1:50); and rat anti-mouse
CD11b (Serotec, M1/70.15, 1:500). These antigens were visualized by Alexa
Fluor 488- or 594-conjugated secondary antibodies of an appropriate host
species (Invitrogen; 1:100). The above antibodies were diluted in 5%
NDS/10 mM PBS, pH 7.2. Omitting primary antibodies yielded no signifi-
cant staining.

Periodic acid Schiff (PAS) staining was performed on 4 �m paraffin-
embedded sections. Cervical spinal cord segments (C3-C4) and mid-
sciatic nerves were further fixed in 2.5% glutaraldehyde in PB, embedded
in epon plastic, and used for toluidine blue myelin staining and electron
microscopy.

Morphometric analyses for myelination. To compare the demyelinating
pathology of twi and twi�op mice, we analyzed the number of myelin-
ated axons and the thickness of myelin on the toluidine blue-stained
sections from the cervical spinal cord of wild-type, op, twi, and twi�op
mice at 45 d old (n � 3 each group). Four rectangular areas (2489 �m 2

each) bilaterally adjacent to the ventral fissure of the spinal ventral col-
umn were recorded with the SPOT CCD camera (Diagnostic Instru-
ments) through a 100� objective lens plus 2� projection lens on the
Nikon Eclipse E800M light microscope. The numbers of nonmyelinated
and myelinated axons and the axons that had degenerating myelin were
counted in the two rectangles per animal in a blinded manner. Degener-
ating myelin was defined as that which was detached from the axon
perimeter and/or whose lamellae were split. Even in the wild-type con-
trol, some axons had myelin categorized as “degenerating”, which was a
potential artifact. However, the numbers appeared to be negligible (see
Fig. 3B).

The G-ratios (axon diameter/total fiber diameter) were determined
using the MetaVue software (Molecular Devices). Only the myelinated
axons in contact with two diagonal lines drawn on each rectangle were
analyzed (283– 492 axons per group of three animals). When the axons
were not exactly circular, the shortest diameter was measured.

Area measurement for PAS-positive material. The ventral white matter
of the cervical spinal cord stained with PAS was photographed bilaterally
with the SPOT CCD camera through a 20� objective lens on the light
microscope. PAS-positive areas in these images were traced using the
ImageJ software (version 1.42, National Institutes of Health), and
the total PAS-positive pixel area was expressed as percentage area over
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the total pixel area of the photograph. Each value was an average of
percentage area from the right and left ventral column (n � 3 per group).

Morphometric analyses for immunohistochemistry. The following quan-
titative studies were performed on the ventral white matter of the cervical
spinal cord at 45 d of age. We quantitated microglia/macrophages histo-
logically by measuring the Iba-1- or CD11b-immunoreactive area rather
than by counting the number of immunoreactive cells because of the
potential inaccuracy in counting macrophages that are often clustered,
fused, and/or multinucleated in twi mice.

For GFAP immunoreactivity, the exposure time was optimized for the
wild-type control section and applied to all the photographs to record
unbiased optical densities (ODs). Using the ImageJ software, the ventral
white matter was manually traced and ODs were inverted so that black
and white are defined as 255 and 0, respectively. The average OD per pixel
in the selected white matter was calculated. Six measurements (bilateral
measurements from three sections) were averaged for one animal, and
the average from three animals was obtained for each genotype.

NG2 � OPCs and GST-� � OLs were counted on sections lightly coun-
terstained with hematoxylin. Only the immunoreactive cells that had a
nucleus were counted. NG2 � macrophages, defined morphologically as
cells with round cytoplasm without processes, were excluded.

Areas of macrophages as shown in Figures 8 and 9 were measured on
the immunofluorescence-labeled spinal cord sections (n � 4 per group;
values from four sections were averaged per animal). The exposure time
was set for the optimal condition for twi mouse sections, which showed
the most intense signals. A constant threshold was set on the digitally
recorded images so that it detected all microglia in wild-type mice.
The areas that had signal intensities above the threshold were deter-
mined within manually traced ventral white matter using the NIH
Image software.

To analyze myelination in the sciatic nerve as shown in Figure 5, cross-
sections of the mid-sciatic nerve (6 �m) were immunolabeled for myelin
basic protein (MBP) using rat anti-MBP antibody (Millipore, peptides
82– 87, 1:100) and Alexa Fluor 594-conjugated anti-rat IgG (Invitrogen,
1:100). On the ImageJ software, a constant threshold was set so that it
detected all MBP-immunoreactive areas in twi�op mice and the MBP �

signals were recorded within the manually traced nerve circumference.
Data were obtained from three animals per group, and the data for each
animal were the average of the values from four sections examined. A
volume effect was a potential concern for unbiased quantitation, because
the sciatic nerves were markedly hypertrophic in twi and twi�op mice.
Therefore, the data were presented in two ways, i.e., the percentage
MBP � area (Fig. 5C) and MBP � pixels per section (Fig. 5D).

Biochemical assay. The levels of psychosine and sphingosine were de-
termined in the forebrain of 45-d-old male mice (n � 3 each group) using
high performance liquid chromatography (HPLC) as described previ-
ously (Luzi et al., 2001). After euthanizing the animals with isoflurane
over-inhalation, the right and left forebrains were removed, frozen im-
mediately in dry ice, and kept at �80°C until the assay. Values for each
animal were an average of measurements from the right and left brain
hemispheres.

Quantitative real-time reverse transcription PCR. The cervical spinal
cord from the male mice at P45 (the same animals as in the biochemical
assay) was removed, transferred into a 1.5 ml centrifuge tube containing
RNA lysis buffer (Promega, homogenized with a plastic pestle until rec-
ognizable tissue fragments disappeared, and kept at �80°C. After all the
necessary samples were collected, they were thawed on ice and total RNA
was isolated using SV Total RNA Isolation System (Promega) according
to the instructions. The yield of total RNA was 18.2 � 1.7 �g from 32.9 �
1.6 mg (wet weight) of the cervical spinal cord (n � 12). The quality of
isolated RNA was confirmed by electrophoresis on a denaturing agarose
gel, which showed sharp 28S and 18S ribosomal RNA bands and �2:1
ratio of their intensity after ethidium bromide staining. RNA was then
reverse transcribed to cDNA using oligo(dT)15 primer and the ImProm-II
Reverse Transcription System (Promega).

cDNAs corresponding to 5 ng of total RNA were amplified with spe-
cific primers designed to span intronic sequences or cover exon–intron
boundaries using the online version of Primer3 software (Rozen and
Skaletsky, 2000) (Table 1 for primer sequences), except that the primers

for arginase-1 were referred to the study by Kigerl et al. (2009), and the
followingprimerswerereferredbythePrimerBank(http://pga.mgh.harvard.
edu/primerbank/): GAPDH (glyceraldehyde-3-phosphate dehydrogenase;
PrimerBank identification no. 6679937a1); iNOS (inducible nitric oxide
synthase 2, macrophage, PrimerBank identification no. 6754872a1).
The samples prepared with a SYBR Green master mix (SYBR Green I Master;
Bio-Rad Laboratories) were run on the MiniOpticon system (Bio-Rad) for
continuous monitoring during PCR amplification. Two-step PCR cycling
was carried out as follows: 1 cycle at 95°C for 5 s and 60°C for 30 s �
45 cycles. The analysis of the melting curve of each amplified PCR product
and the visualization of the PCR amplicons on 8% polyacrylamide gels con-
firmed the specificity of the amplification. For relative quantification of gene
expression, mRNA levels were normalized to the average GAPDH mRNA
levels using the comparative threshold cycle �CT method. Each reaction was
performed in duplicate.

Western blot analysis. Protein extract was prepared from the thoracic
and lumbar spinal cords of male mice at P45 (n � 3 each group) in 20 mM

Tris HCl lysis buffer, pH 7.6, containing 150 mM NaCl, 1% IGEPAL
CA-630 (Sigma-Aldrich), 0.5% sodium deoxycholate, 0.1% SDS, and
protease inhibitors (Complete, Roche). Protein concentration was deter-
mined using the Qubit fluorometer (Invitrogen), and the samples (30 �g
each) were separated on the AnykD TGX precast gel (Bio-Rad) and trans-
ferred onto polyvinylidene difluoride membranes (Invitrogen). The
membranes were blocked for 4 h in 5% bovine serum albumin in 20 mM

Tris-HCl buffer containing 150 mM HCl and 0.05% Tween 20, pH 7.6
(TBS-T), and incubated with the rabbit anti-arginase-1 antibody (1:200)
overnight at 4°C. Membranes were washed in TBS-T and incubated with
goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary
antibody (1:50,000; Jackson ImmunoResearch Laboratories). The bound
HRP activity was visualized by a chemiluminescent substrate (Thermo
Scientific) and recorded using the Autochemi bioimaging system (UVP).
The membrane was reprobed with monoclonal mouse anti-�-tubulin
antibody (Sigma-Aldrich, clone AA2, 1: 2000) to ensure equal loading of
samples. ODs of bands were measured using the ImageJ software. The
ODs for arginase-1 were normalized over the ODs for �-tubulin, and
these values were expressed as the ratio relative to the wild-type control.

Statistical analyses. The difference in the life span of twi and twi�op
mice was examine by Kaplan–Meier log-rank analysis (see Fig. 1C). The
G-ratios were compared by the Kruskal–Wallis test (see Fig. 3F ). The
PAS-positive areas in the spinal cord of twi and twi�op mice were com-

Table 1. Primer sequences for real-time RT-PCR analysis

Gene Forward primer (5�–3�) Reverse primer (5�–3�) Amplicon (bp)

CD3� CAAACCCCCTGCAAGTGTAT GAAGCTCTTGACTGGCGAAC 163
CD4 AGGAAGTGAACCTGGTGGTG TCCTGGAGTCCATCTTGACC 222
CD8b GGACGAAGCTGACTGTGGTT CAGGATGCAGACTACCAGCA 164
CD11b CTGAGACTGGAGGCAACCAT GATATCTCCTTCGCGCAGAC 159
CD11c GAGAGCCCAGACGAAGACAG CCATTTGCTTCCTCCAACAT 171
CD16 TGTTTGCTTTTGCAGACAGG CGTGTAGCTGGATTGGACCT 194
CD28 TGACACTCAGGCTGCTGTTC TTCCTTTGCGAGAAGGTTGT 152
CD80 CCATGTCCAAGGCTCATTCT GGCAAGGCAGCAATACCTTA 115
CD86 TCAGTGATCGCCAACTTCAG TTAGGTTTCGGGTGACCTTG 110
CD206 CCTCTGGTGAACGGAATGAT CTTCCTTTGGTCAGCTTTGG 161
FoxP3a TCCTTCCCAGAGTTCTTCCA AAGTAGGCGAACATGCGAGT 164
GFAP GTTACCAGGAGGCACTTGCT GAATGGTGATGCGGTTTTCT 171
IGF-1 TGGATGCTCTTCAGTTCGTG GTCTTGGGCATGTCAGTGTG 220
IL-1� TGTGAAATGCCACCTTTTGA CTGCCTGAAGCTCTTGTTGA 162
IL-6 TGTGCAATGGCAATTCTGAT CTCTGAAGGACTCTGGCTTTG 226
LIF TTCATTTCCTATTACACAGCTCAAG AGTGGGGTTCAGGACCTTCT 201
MBP TCACACACGAGAACTACCCATT TGGTGTTCGAGGTGTCACAA 138
MHC II GCTCTCGGAGACCTATGACG ACAGGCAAACCTCTGGACAC 210
PDGF-R� GCCGGGACAATACAAGAAGA CACTGTCAGCGCTCAGTCTC 188
PLP/DM20 CGCTGATGCCAGAATGTATG TGAAGGTGAGCAGGGAAACT 170
PLP-spb CTGAGCGCAACGGTAACAG CAAACTTGTCGGGATGTCCT 121
TGF-�1 TTGCTTCAGCTCCACAGAGA TGGTTGTAGAGGGCAAGGAC 183
TNF-� CCACCACGCTCTTCTGTCTA CACTTGGTGGTTTGCTACGA 173
aFoxP3, Forkhead box P3.
bPLP-sp, Primers for PLP designed to specifically detect the PLP cDNA sequence that is absent from the DM20 cDNA.
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pared by the paired Student’s t test. Other differences between groups
were assessed by one-way ANOVA followed by Scheffé’s F post hoc com-
parisons. Data are expressed as mean � SE unless noted. Values of p 	
0.05 were considered statistically significant.

Results
Macrophage-deficiency in twi mice leads to their shorter life
span with exacerbated neurological symptoms
We introduced macrophage deficiency in the mouse model of
GLD by crossbreeding twi onto op mice and first characterized
the clinical phenotypes of the resultant twi�op double-mutant.
Only 2.0% of the crossbred mice yielded the twi�op double-
mutant mouse (of 1969 pups genotyped), whereas its expected
Mendelian distribution is 6.25%. This appears to be mainly due
to the poor reproduction of op mice (7.9% versus the expected
ratio of 18.75%), which is consistent with a previous report
(Ramnaraine and Clohisy, 1998). Indeed, when the pups were
born dead or found dead at P0-P1, genotyping identified seven of
ten pups as op mice and two twi�op mice, indicating that a con-
siderable number of op mutants die perinatally. However, after
passing the perinatal period, all op and twi�op mutants were able
to survive beyond weaning age with the aid of the liquid diet
(Kondo and Duncan, 2009).

The double mutants had similar physical characteristics to op
mice. They exhibited a domed scull and lack of incisors (Fig. 1A)
and were smaller in size than twi and op mice (Fig. 1B). Although
the growth of op mice was slower than that of wild-type mice (Fig.
1B), they exhibited no neurological signs and were able to live at
least a year when allowed. Similarly, twi�op mice were smaller
than twi and the body weight of twi�op mice started to decline
between P29 and P33, whereas twi mice started losing weight after
P35 (Fig. 1B). The double-mutants developed fine twitching in
the neck around P18, which was 2–3 d earlier than twi mice, and
shortly after developed a coarse tremor that gradually spread
from the neck to the trunk. When they became moribund,
twi�op mice were paralyzed in the hind limbs, while twi mice
developed spastic paresis. The median survival of twi�op mice
was significantly shorter than that of twi mice (Fig. 1C). The life
span of twi mice in this study (51 d) was longer than that in
previous reports using twi mice on the original B6 background
(35– 40 d). This is likely because the new hybrid background
derived from B6 (twi colony) and B6C3 (op colony) interacted
with twi phenotypes. Altered longevity and clinical courses have
been reported when the background of twi mice was altered
(Duchen et al., 1980; Biswas et al., 2002; Tominaga et al., 2004;
Rafi et al., 2005).

The absence of CSF-1 blocks invasion of macrophages but
worsens demyelinating pathology in GLD
Microglia, CNS resident macrophages, share most of their bi-
ological properties with macrophages and transform into an
activated/phagocytic state in GLD that makes it difficult to dis-
tinguish them from blood-born macrophages. Therefore, in this
article the term macrophage will be used to represent these two
monocytic populations, if not otherwise explicitly defined.

Our previous study showed that op mice had significantly
reduced numbers of microglia in the white matter of the brain
and spinal cord (Kondo and Duncan, 2009). To determine
whether this reduction was applicable to the CNS-migrating
macrophages in GLD, we examined the macrophage accumula-
tion and demyelinating pathology in twi�op mice. Consistent
with our previous study, op mice had remarkably decreased num-
bers of microglia in the white matter of the brain (Fig. 2A) and

the spinal cord (Fig. 2B) compared with wild-type mice. The
white matter of twi mice was filled with a large number of mac-
rophages by P45 (Fig. 2). However, this macrophage infiltration
was almost completely absent in the twi�op double mutant (Fig. 2).

The lack of macrophages did not influence myelin develop-
ment in op mice (Figs. 2B, 3) (Kondo and Duncan, 2009). Demy-
elinating pathology in the white matter appeared to be more
severe in twi�op mice than in twi mice (Fig. 2). Quantitative
analyses of myelin showed that there was no significant difference
in the number of intact axons among the genotypes within the
same age groups (Fig. 3A). The occurrence of myelin degenera-
tion was significantly higher in twi and twi�op mice compared to
the wild-type control from P30 through P45, and there was
no difference between these two mutants (Fig. 3B). However,

A

B

C

Figure 1. Clinical phenotypes of the twi�op double mutant mouse. A, Physical features of
twi (left) and twi�op (right) mice at P23. Note the domed scull and lack of incisors (inset) in the
double mutant. B, Growth curves of wild-type (n � 18), op (n � 13), twi (n � 1–55), and
twi�op (n � 1– 8) mice. The number of animals varies for twi and twi�op mice because of
their deaths in this period. If more than three, the data are expressed as mean � SD. The body
weight of twi and twi�op mice peaked at P35 and P29 –33, respectively, and then declined
along with exacerbated neurological symptoms. C, Survival curves of twi and twi�op mice. Life
span of twi�op mice (45 � 2.1 d, n � 8) was significantly shorter than that of twi mice (51 �
0.7 d, n � 77, median value � SD; p � 0.016, Kaplan–Meier log-rank analysis).
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twi�op mice had significantly more nonmyelinated axons at P45
(Fig. 3C). The average diameter of myelinated axons increased
with age in all genotypes, except that the diameter in twi and
twi�op mice dropped at P45 and was significantly smaller than
that in the wild-type control (Fig. 3D). This reduction was due to
a preferential loss of myelin in large diameter axons (data not
shown). At P40 and P45, the thickness of myelin was significantly
less both in twi and twi�op mice compared with wild-type mice
(Fig. 3E) for the same reason (i.e., thick myelin was preferentially
lost). When the G-ratio was calculated, twi and twi�op mice had
significantly larger G-ratios at P40 and P45 (indicative of thinner
myelin relative to the size of axon) compared with wild-type mice
(Fig. 3F). At P30, the G-ratio of twi�op mice was significantly
larger than both twi and wild-type mice (Fig. 3F). As a result, only
the twi�op genotype showed the sustained high G-ratio for life,
indicating that in twi�op mice the thickening of myelin is sup-

pressed. It is interesting that the development (wrapping) of my-
elin from P15 to P30 was not affected in either the op or twi
genotype alone. The importance of macrophage/microglia in
myelin development may be inconspicuous in normally develop-
ing CNS. However, certain pathological environments, e.g.,
GALC deficiency in this study, may reveal the significance of
these cells in supporting myelination.

A unique histological feature of GLD is the presence of PAS-
positive macrophages, so-called “globoid cells,” in demyelinated
lesions. We regarded this PAS-positive material as an indicator of
myelin phagocytosis, because macrophages turn PAS positive
when they phagocytose galactosylceramide, a cerebroside native
to myelin sheath (Austin and Lehfeldt, 1965). Degenerated my-
elin was frequently observed in the white matter parenchyma in
twi�op mice (Fig. 4A–D); however, in parallel with the reduction
in the number of macrophages, PAS stain was rarely found in the

Figure 2. The absence of macrophages in twi mice leads to severe myelin pathology. A, CD45-immunoreactive microglia and macrophages in sagittal brain sections of 45-d-old mice. Right panels
show the cerebellar white matter at a higher magnification. Numerous macrophages in the twi white matter were absent in twi�op mice. B, Iba-1-immunoreactive microglia and macrophages (left
and middle panels) and toluidine blue-stained myelin in the cervical spinal cord of 45-d-old mice. Middle and right panels are taken from the ventral white matter at a higher magnification. C, Details
of the demyelinating pathology demonstrates loss of myelin, degenerated myelin, and thinly myelinated fibers both in twi (left) and twi�op (right) mice. The asterisk indicates a globoid
macrophage. More demyelinated axons were seen in twi�op mice than in twi mice. D, Comparison of the Iba-1-immunoreactive areas in the ventral white matter of the spinal cord, showing that
the accumulation of macrophages was significantly reduced in twi�op mice compared with twi mice. One-way ANOVA was followed by Scheffé’s F test; *p 	 0.05, **p 	 0.01 compared with
wild-type mice; ##p 	 0.01 compared with twi mice. Scale bars: A, left panels, 2 mm; A, right panels, 100 �m; B, left panels, 0.5 mm; B, middle and right panels 50 �m; C, 10 �m.
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twi�op white matter (Fig. 4E,F). The PAS-positive area occu-
pied 12.7 � 3.8% of the ventral white matter in twi mice, whereas
it was significantly reduced to 0.3 � 0.1% in twi�op mice ( p 	
0.05, Student’s t test, n � 3 per group).

Introduction of the CSF-1op /op mutation into the twi mouse
effectively blocked macrophage infiltration in the CNS (Fig. 2).
Interestingly, however, the extent of macrophage accumulation
in the peripheral nerves showed no difference between twi and
twi�op mice (Fig. 5A,B). The sciatic nerves were severely demy-

elinated in twi and twi�op mice, and to
the same extent (Fig. 5A,C,D).

The white matter of twi�op mice shows
similar reactive astrocytosis to twi, but
has a smaller OPC population and
fewer OLs
To determine whether the CSF-1op /op

mutation affects other cell populations,
astrocytes, OPCs, and OLs were immu-
nolabeled for anti-GFAP, NG2, and
GST-� antibodies, respectively (Fig. 6).
Immunoreactivity of these markers ap-
peared to be the same between wild-type
and op mice. GFAP � astrocytes were
highly activated in the affected white mat-
ter of twi and twi�op mice, and to the
same extent (Fig. 6A). However, quanti-
tation of astrocyte numbers was difficult
because GFAP immunoreactivity was too
abundant in the spinal cord, and astro-
cytes in the spinal cord are fibrous rather
than “star shaped.” Thus, to quantita-
tively compare the GFAP expression lev-
els, we relied on the densitometry of
GFAP immunoreactivity in the white
matter and also gene expression analysis.
GFAP immunoreactivity in twi and
twi�op mice significantly increased com-
pared with the wild-type mice (Fig. 6B).
GFAP mRNA levels also significantly in-
creased 5.9 � 1.0- and 5.0 � 0.9-fold in
twi and twi�op mice compared to wild-
type mice, respectively (no significant dif-
ference between the two) (Fig. 7A). NG2�

cells, which represent a large population
of OPCs, had a small cell body and well
branched fine processes in the white mat-
ter of wild-type and op mice (Fig. 6).
These cells became hypertrophic with
short and stout processes in twi and
twi�op mice. It appeared that the number
of such OPCs remained the same in
twi�op mice as in wild-type mice. In twi
mice, their quantitation was difficult, be-
cause NG2 immunoreactivity was also
found in some macrophages (Fig. 6, ar-
rowheads). While NG2 is widely recog-
nized as a marker for OPCs, NG2
immunoreactivity has been found also on
CD68- and CD11b-positive human mi-
croglia in vitro and in vivo (Pouly et al.,
1999) and on rat macrophages in the in-
jured spinal cord (Jones et al., 2002).

When NG2� OPCs were counted by excluding the NG2�

macrophage-like cells, the number of OPCs significantly in-
creased in twi mice compared with wild-type mice (Fig. 6C). In
contrast, the number of OPCs in twi�op mice did not change
from the normal level (Fig. 6C). To support this finding, we esti-
mated the OPC population using quantitative RT-PCR for
platelet-derived growth factor receptor � (PDGF-R�) mRNA ex-
pression, which significantly increased in twi mice (2.2 � 0.3-
fold, p 	 0.0094) but remained unchanged in twi�op mice (1.0 �
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Figure 3. Chronological alteration of myelin pathology in the ventral white matter of the cervical spinal cord of the mutant
mice. A, There was no significant difference in the number of intact axons among the genotypes within the same age groups. B, The
number of axons that had degenerating myelin significantly increased both in twi and twi�op mice compared with age-matched
wild-type control after P30, but there was no significant difference between the two groups. C, The number of nonmyelinated
axons increased with age in both twi and twi�op mice and reached a significant level compared with wild-type control in P45
twi�op mice. The number was significantly higher in twi�op mice than in twi mice at P45. D, Average diameter of myelinated
axons decreased in twi and twi�op mice at P45 mainly due to preferential demyelination of large-diameter axons. E, Average
thickness of myelin decreased in twi and twi�op mice at P40 and P45 compared with wild-type control. Growth of myelin was
obvious in twi mice at P30, while myelin thickness in twi�op mice remained small. F, Average G-ratios of myelinated fibers. At P40
and P45, the G-ratios were significantly higher in twi and twi�op mice compared with the wild-type mice. At P30, the G-ratios of
twi mice were not different from those of wild-type control, whereas twi�op mice showed significantly higher G-ratios compared
with both wild-type and twi mice. There was no significant difference between wild-type and op mice in A–F. *p 	 0.05, **p 	
0.01, and ****p	0.0001 compared with wild-type mice, and ##p	0.01 and ####p	0.0001 compared with twi mice within the
same age groups [one-way ANOVA followed by Scheffé’s F post-hoc test (A–E) and the Kruskal–Wallis test (F )].
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0.0-fold; significantly different from twi mice with p 	 0.0136)
(Fig. 7A). GST-� has been a marker for mature OLs (Tansey and
Cammer, 1991). Although there were areas of patchy loss of OLs
in twi mice (Fig. 6, asterisk) that appeared to coincide with clus-
tered macrophages, the population of OLs was not much affected
in the other areas. By contrast, we found fewer GST-�� OLs with
a typical oval cytoplasm in twi�op mice (Fig. 6, arrows). Instead,
we saw a number of small GST-�� fragments diffusely spread in
the white matter, which could possibly be fragmented myelin and
OL processes. As we were not certain what these fragments in
twi�op mice represented, we counted only GST-�� cells con-
taining a nucleus and found that the number of GST-�� OLs
moderately but significantly decreased in twi mice compared
with wild-type mice (Fig. 6D). GST-�� OLs in twi�op mice
further deceased in number, and the differences were significant
compared with twi mice as well as wild-type mice (Fig. 6D). We
also quantified mRNA levels for myelin proteins to estimate the
population of OLs. mRNA expressions of the proteolipid protein
(PLP)/DM20 and PLP-specific genes decreased in twi mice and
further decreased in twi�op mice (Fig. 7A). The difference from
the wild-type control reached statistical significance only for
twi�op mice, likely due to the small sample size or that the re-

duction in the number of OLs could be more than the mRNA
value because of possible compensation by upregulated mRNA
synthesis in response to active remyelination. MBP mRNA levels
showed similar changes, and twi�op mice showed significantly
lower levels than twi mice ( p 	 0.0396).

Brain psychosine levels elevated both in twi and twi�op mice
GALC-defective OLs and Schwann cells in GLD are unable to
degrade its substrate, galactocerebroside. Unlike other lysosomal
storage diseases, however, storage of galactocerebroside in the
myelinating cells does not occur while psychosine, a cytotoxic
lipid metabolite, accumulates and kills these myelinating cells,
leading to demyelination (the psychosine hypothesis) (Miyatake
and Suzuki, 1972). We questioned whether this accumulation of
psychosine also occurs in the macrophage-deficient condition
and determined the levels of psychosine and free sphingosine in
the mutants using HPLC. The levels of psychosine significantly
increased in the forebrain of both twi and twi�op mice compared
to wild-type mice (Table 2). Interestingly, twi�op mice had sig-
nificantly lower psychosine levels when compared with twi mice
(by 28%). Thus, the levels of psychosine did not correlate with the
severity of disease. However, the decreased psychosine levels in
twi�op mice may be a reflection of the decreased number of OLs
or myelin turnover, as suggested by the reduction in mRNA levels
of myelin proteins (reduction against twi mice: PLP, by 44.5%;
MBP, by 34.2%) (Fig. 7A).

Both twi and twi�op mice had significantly lower levels of free
sphingosine compared to the wild-type control. The levels were
significantly lower in twi�op mice compared with twi mice. Sph-
ingosine is a source of sphingolipids that are highly bioactive and
essential as structural components of cell membranes and lipo-
proteins and as regulators of a variety of cellular functions such as
cell migration, proliferation, differentiation, signaling, and death
(Futerman and Hannun, 2004; Hannun and Obeid, 2008).
Therefore the metabolism of these complex and diverse com-
pounds must be strictly controlled (Merrill, 2002). At present, the
mechanism for the decreased level of sphingosine as well as its
clinical significance is unclear. However, it is highly likely that the
metabolism of the sphingolipid family may be disturbed by psy-
chosine overproduction (White et al., 2009) and/or the decreased
sphingosine levels in GLD.

Quantitative gene expression analyses
Macrophages found in the white matter of GLD are morpholog-
ically unique; they have a large plump cytoplasm, are often multi-
nucleated, and contain tubular inclusion bodies (Yunis and Lee,
1969, 1970). To characterize the inflammatory profiles in GLD
and determine how it is affected by the absence of macrophages,
we performed real-time RT-PCR and analyzed the changes in the
gene expression of molecules that regulate inflammatory envi-
ronment and of cell-specific markers on macrophages and T cells
in the spinal white matter of twi and twi�op mice at P45. Among
the molecules related to inflammation examined (Fig. 7B), a large
increase (
30-fold) was seen in TNF-� and arginase-1 mRNAs in
twi mice (37.8 � 10.2- and 29.3 � 2.2-fold compared with wild-
type, respectively). The elevation of these molecules was drasti-
cally downregulated in twi�op mice (by 93.4 and 84.4% for
TNF-� and arginase-1, respectively). TNF-� not only works as a
destructive proinflammatory cytokine but also promotes prolif-
eration of OPCs and remyelination (Arnett et al., 2001). In addi-
tion, arginase-1 is an enzyme known to synthesize polyamines
that counteract myelin inhibition of axon growth in vitro (Cai et
al., 2002). Thus, some aspects of macrophage function in twi mice
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Figure 4. Myelin phagocytosis is compromised in the twi�op mutant. A–D, Representative
electron micrographs from the ventral white matter of the cervical spinal cord demonstrate that
myelination in op mice was comparable to that in wild-type mice (A, B), myelin debris was
actively cleared by a macrophage (occupying lower right corner) showing pseudopodia (arrow-
head) and tubular inclusion bodies (arrows) (C), and that nonphagocytosed myelin debris (ar-
rows) was frequently observed in the white matter parenchyma of twi�op mice (D). E, F, PAS
staining in the ventral white matter of the cervical spinal cord shows numerous macrophages
that contain PAS-positive material in twi mice at P45 (E), whereas the numbers are few (arrow-
head) in twi�op mice (F ). Scale bars: A–D,1 �m; E, F, 50 �m.
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Figure 5. Invasion of macrophage is not inhibited in the peripheral nerves of twi�op mice. A–D, Iba-1 immunolabeling in the longitudinal section (A, far left column) and cross-section (A, second
column from left) of the mid-sciatic nerve revealed that the macrophage distribution is similar between wild-type and op mice at P45. The nerves of twi and twi�op mice contained a significantly
greater degree of macrophage accumulation than wild-type mice (B), but there was no difference in the extent of accumulation between twi and twi�op mice ( p � 0.3002). Also note that, unlike
the CNS white matter, macrophages in op mice populated the nerve to the same extent as those in the wild-type control. Immunohistochemistry for MBP in cross section of the nerve (A, third column
from left) showed that twi and twi�op mice had similar and significant losses of myelin (C, D). To avoid a potential misinterpretation due to the hypertrophy in the twi and twi�op nerves, the data
were presented as the percentage MBP � area (C) and MBP � area per section (D); however, significant volume effects were not observed. Toluidine blue myelin staining at a higher magnification
demonstrated demyelinated and remyelinated axons surrounded by increased extracellular matrix and endoneurial edema (A, far right column) in both twi and twi�op mice. Sections were cut at
6 and 1 �m for immunostaining and toluidine blue staining, respectively. Scale bars: 100, 50, and 20 �m for the Iba-1, MBP, and toluidine blue stainings, respectively. One-way ANOVA was followed
by Scheffé’s F test; *p 	 0.0001 compared with wild-type mice (n � 3 per group).
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may promote myelin repair, and this was
absent in twi�op mice. mRNA expression
for leukemia inhibitory factor (LIF),
which is produced by astrocytes and pro-
motes myelination (Ishibashi et al., 2006),
increased both in twi (17.5 � 2.4-fold)
and twi�op (8.8 � 2.9-fold) mice, al-
though the increase for twi�op mice did
not reach a significant level, and there was
a significant difference between twi and
twi�op mice ( p � 0.0322). Expressions of
TGF-�, IL-6, iNOS, and IGF-1 mRNA
were all mildly but significantly increased
in twi mice (4.7- to 8.4-fold) and were sig-
nificantly reduced in twi�op mice com-
pared with twi mice.

It has been reported that not all cells of
monocyte lineage, dendritic cells in par-
ticular, are dependent on CSF-1 in vivo
(Witmer-Pack et al., 1993). Thus, we de-
termined phenotypic characteristics of
monocytic cells recruited in the twi CNS
and their alterations in twi�op mice (Fig.
7C). CD11c mRNA in twi mice increased
243.7 � 33.0-fold compared with wild-
type mice. It also increased in twi�op
mice. However, the level was significantly
less by 92.1% compared to that in twi
mice. CD11b and CD16 (Fc� receptor III)
mRNAs in twi mice increased over 10-fold
over wild-type mice but showed no in-
crease in twi�op mice. CD80, CD86,
CD206 (mannose receptor), and MHC II
mRNAs moderately but significantly in-
creased (2.4- to 6.1-fold) in twi mice but
returned to the control levels in twi�op
mice.

In twi mice, mRNA for CD3, a pan-T
cell marker, increased only 3.1 � 0.9-fold
( p � 0.0130) (Fig. 7D). Between CD4 and
CD8 mRNAs, the increase was relatively
CD4 dominant (13.2 � 1.8- versus 4.9 �
1.0-fold, respectively). CD28 (B7 recep-
tor) mRNA was highly increased in twi
mice (20.1 � 1.3-fold). There was a significant but small increase
in mRNA for FoxP3, a marker for regulatory T cells ( p � 0.0398).
In twi�op mice, mRNA levels for these T cell surface markers
were significantly lower than the levels in twi mice and not dif-
ferent from the levels in the wild-type control. Increased mRNA
levels for CD4 and CD8 have also been reported in the brain and
spinal cord of a transgenic mouse model of GLD (Luzi et al.,
2009). Unlike in experimental autoimmune encephalomyelitis,
an animal model of multiple sclerosis, involvement of T cells in
the demyelinating pathophysiology appears to be minor in GLD,
at least histologically (Ohno et al., 1993; Matsushima et al., 1994).
Indeed, gene expression for MHC II, a key molecule for antigen
presentation, and the CD3 pan-T cell marker were upregulated
only to a minor extent, even though other antigen
presentation-related molecules on the macrophage (CD80,
CD86) and T cell (CD28) were much more upregulated.
Moreover, a recent study has shown that the development of T
cells in the lymphoid organs is impaired along the disease
progression in twi mice that causes lymphocytopenia in the

periphery (Galbiati et al., 2007), suggesting that T cell-
mediated immunity may be compromised in the twi CNS.
Therefore, actual contribution of T cells to the demyelination
in GLD needs to be further investigated.

Both M1 and M2 macrophage markers are upregulated in
twi mice
It is not clear whether the differences in the levels of gene expression
between twi and twi�op mice (Fig. 7) arise from the difference in the
number of macrophages or from any phenotypic changes in individ-
ual macrophages. Recently, efforts have been made to separate de-
structive and protective phenotypes of macrophages (so called M1
and M2 phenotypes, respectively) using distinct molecular markers.
The former includes iNOS, CD16, and CD86, and the latter includes
arginase-1 and CD206 (Gordon, 2003; Mantovani et al., 2005; Pop-
ovich and Longbrake, 2008; Kigerl et al., 2009). To determine
whether and how such phenotypic changes occur in individual mac-
rophages of twi and twi�op mice, we further investigated the immu-

Figure 6. An increase in the number of OPCs in twi mice is suppressed in twi�op mice. A, Immunohistochemical demonstration
of the markers for astrocytes (GFAP), OPCs (NG2), and mature OLs (GST-�) in the ventral white matter of the cervical spinal cord at
45 d old. Some macrophages were also NG2 � in twi mice (arrowheads). The asterisk shows a patchy loss of GST-� � OLs in twi
mice. Arrows indicate typical GST-� � OLs in twi�op mice. B–D, Quantitative analyses of average ODS of GFAP immunoreactivity
(B), the number of NG2 � OPCs (macrophage-like cells without processes were excluded) (C), and the number of GST-� � OLs (D)
in the ventral white matter of the spinal cord as shown in A. One-way ANOVA was followed by Scheffé’s F test; *p 	 0.05 and
***p 	 0.001, compared with wild-type mice, and ###p 	 0.001 compared with twi mice. Scale bar, 100 �m.
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nohistochemical expression of M1 and M2 markers in the spinal
white matter of P45 animals.

Arginase-1 protein levels were significantly increased in twi
mice compared with wild-type mice, and this increase was signif-
icantly inhibited in twi�op mice (Fig. 8A), although the elevation
in twi mice was not as great as what was seen in the gene expres-
sion analysis (Fig. 7B). Arginase-1 was constitutively expressed in

the motor neurons and axons in the ventral horn in all four
genotypes (Fig. 8B for the wild type; data not shown for the other
genotypes). In the wild-type mice, Iba-1� resting microglia were
weakly colabeled with arginase-1 (Fig. 8C, top, arrowheads). Mi-
croglia in op mice showed a similar appearance, except that the
number was few (data not shown). In twi mice, Iba-1� macro-
phages in the white matter strongly expressed arginase-1 (Fig. 8C,
bottom). However the cells in the vicinity of such macrophages
were found to be arginase-1 immunoreactive as well, most of
which were GFAP� astrocytes (data not shown). Macrophages in
twi�op mice were similarly positive for arginase-1 except that the
numbers were few and there was no arginase-1 immunoreactivity
in the neighboring tissue (data not shown).

CD206 (mannose receptor)-immunoreactive cells were only
weakly positive for Iba-1 and located predominantly in the sub-
meningeal and perivascular spaces in all four genotypes (Fig. 8D
for twi mice; data not shown foe the other genotypes), which is
consistent with previous reports (Galea et al., 2005; Prodinger et
al., 2011). Quantitation of CD206� immunoreactivities (Fig. 8E)
showed the similar pattern with the quantitative PCR results
(Fig. 7C). Interestingly, parenchymal macrophages with typi-
cal globoid cell morphology were CD206 negative in our ex-
perimental condition (Fig. 8 D, arrows).

CD16/CD32 (Fc� receptor), the M1 marker, was highly ex-
pressed in submeningeal macrophages in all four genotypes (Fig.
8F, arrowheads). Like the M2 marker arginase-1, CD16/CD32
was weakly expressed in Iba-1� resting microglia in wild-type
(Fig. 8F, top) and op (data not shown) mice. Macrophages both
in twi (Fig. 8F, bottom) and twi�op (data not shown) mice were
diffusely immunoreactive for CD16/CD32. However, occasional
CD16/CD32� cells were found to be Iba-1-negative (Fig. 8F,
arrows). The quantitative changes in CD16/CD32� immunore-
activities (Fig. 8G) were consistent with the quantitative PCR
results (Fig. 7C).

CD11c gene expression was extremely elevated in twi mice
(244-fold vs wild type) (Fig. 7C) despite the fact that CD11c has
been believed to initiate T cell-mediated pathologic conditions
(Bullard et al., 2007; Chastain et al., 2011) and that T cells are
rarely found in the affected white matter of GLD (Ohno et al.,
1993; Matsushima et al., 1994). Therefore, in addition to the
M1/M2 molecules described above we determined immunohis-
tochemical distribution of CD11c in the spinal cord.

In the spinal white matter of wild-type and op mice, CD11c�

cells were only sporadic and CD11b negative in our staining con-
dition (Fig. 9A,B). The twi white matter contained a large num-
ber of CD11c� cells, and they were mostly CD11b� as well (Fig.
9A,B). Macrophages were few in twi�op mice. If any macro-
phages were present, however, such cells were almost exclusively
CD11c�CD11b� (Fig. 9A,B). A recent study has indicated that
CD11c�CD11b� cells exhibit immunomodulatory function and
are protective against experimental autoimmune encephalomy-
elitis by inducing tolerance (Li et al., 2008). In contrast, infiltrat-
ing CD11c�CD11b� cells have been reported to potentiate
iNOS-dependent cell death (Parajuli et al., 2010); macrophages
in twi mice may also be involved in such M1 phenotypic function.
Therefore further investigation needs to characterize the pheno-
typic uniqueness of CD11c�CD11b� macrophages in GLD.

In conclusion, both M1 and M2 macrophage markers are up-
regulated in twi mice, and the CSF-1 deficiency appears to cause
only a reduction in the number of macrophages but not a pheno-
typic alteration of individual macrophages, as identified by the
M1/M2 markers and CD11c.
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Figure 7. A–D, Quantitative real-time RT-PCR analyses for mRNA expression levels in the
cervical spinal cord of 45-d-old mutants. Shown are gene expression levels relative to the levels
for the wild-type control (n � 3 each group) for myelin proteins and markers of OPCs and
astrocytes (A), molecules related to inflammation (B), surface makers for the cells of monocyte
lineage (C), and surface markers for T cells (D). Although op mice tended to express lower levels
of mRNA in some molecules (e.g., IL-1�, CD11b, and CD16) compared with wild-type mice,
there was no significant difference between the two groups. One-way ANOVA was followed by
Scheffé’s F test; *p 	 0.05, **p 	 0.01, ***p 	 0.001, and ****p 	 0.0001 compared with
wild-type mice, and #p	0.05, ##p	0.01, ###p	0.001, and ####p	0.0001 compared with
twi mice. FoxP3, Forkhead box P3; PLP-sp, primers for PLP designed to specifically detect the
PLP cDNA sequence that is absent from the DM20 cDNA.

Table 2. Levels of psychosine and sphingosine in the brain.

Psychosine (pmol/mg protein) Sphingosine (pmol/mg protein)

Wild type 28 � 4 104 � 11
op 27 � 5 107 � 18
twi 328 � 52*** 79 � 16 **
twi � op 236 � 65 **,† 65 � 8 ***,†

Values are expressed as mean � SD from three animals per group at 45 d old. Values for each animal were an
average of measurements from the right and left brain hemispheres. **p 	 0.001 and ***p 	 0.0001 versus wild
type group; †p 	 0.05 versus twi group; one-way ANOVA followed by Scheffé’s F post-hoc test.
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Discussion
Although the genetic basis and biochemical basis of GLD are
now largely characterized, the contribution of the accumu-
lated macrophages to its demyelinating pathology has not
been determined. In this study, by crossbreeding twi mice with
macrophage-deficient op mice we were able not only to deplete
microglia in the CNS of twi mice, but also to block the invasion

of macrophages into the CNS. The resultant twi�op double-
mutant lived significantly shorter than the twi mouse with
more exacerbated neurological symptoms (Fig. 1). Inhibition
of remyelination and delay in myelin development,
rather than enhanced demyelination, appeared to be respon-
sible for the more severe demyelinating pathology in twi�op
mice (Fig. 3).
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Figure 8. Macrophage markers for M1 and M2 phenotypes are upregulated and distinctively expressed in twi mice. A, Top, A representative Western blot analysis for protein expression of an M2
marker, arginase-1 (41 kDa), and �-tubulin (55 kDa; as an internal control) in the spinal cord of P45 animals. Samples are the spinal cord lysates from the following: wild-type mouse (lane 1); op
mouse (lane 2); twi mouse (lane 3); twi�op mouse (lane 4); and a liver lysate from a wild-type mouse as a positive control (lane 5). Bottom, ODS of Western blot were analyzed for argininase-1 protein
expression (n�3 animals per group). B, Representative image of arginase-1 immunoreactivity in the ventral horn of the spinal cord in wild-type mice. Arginase-1 was intensely expressed in the soma and axon
ofmotorneurons. C,Apart fromtheaxonsfromtheventralhorn(arrows),arginase-1wasweaklyexpressedinIba-1 � restingmicroglia inthewild-typecontrol(top,arrowheads).Arginase-1wasmoreintensely
expressed in macrophages in twi mice. Shown is the ventral white matter. Note that Arginase-1 immunoreactivity was also seen in other cell types near the Arginase-1 � macrophages in twi mice. D,
Representative double immunofluorescence staining shows that in twi mice, CD206 � cells were mainly localized in the submeningeal spaces (asterisk) and only weakly immunoreactive for Iba-1. Other CD206
cells were found in the perivascular space (arrowheads). Typical Iba-1 � globoid macrophages did not express CD206 (arrows). E, Quantitation of CD206-expressing macrophages in the spinal white matter
(excluding submeningeal space). F, Representative double immunofluorescence staining shows that CD16/CD32 was diffusely and weakly expressed in Iba-1 � microglia in wild-type mice (top) and more
intensely expressed in macrophages in twi mice (bottom), although occasional CD16/CD32 �, Iba-1 � cells were observed (arrows). Shown is the ventral white matter. G, Quantitation of CD16/CD32-expressing
macrophages (n�4 each group). One-way ANOVA followed by Scheffé’s F test; **p	0.01 and ****p	0.0001 compared with wild-type mice, and #p	0.05 and ####p	0.0001 compared with twi mice.
The merged images include 4�,6-diamidino-2-phenylindole (DAPI) counterstaining in blue. Scale bars, 50 �m.
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It was surprising that the CSF-1 deficiency in twi mice ablated
microglia and blocked macrophage infiltration in the CNS white
matter (Fig. 2) but did not influence either native macrophage pop-
ulation or migration of macrophages in the peripheral nerves (Fig.
2B, arrowheads, Fig. 5). In the myelin protein zero gene-deficient
mouse, peripheral motor nerves underwent demyelination with an
increased number of macrophages, and when the mouse was cross-
bred onto the op background, both demyelination and macro-
phage accumulation were prevented (Carenini et al., 2001; Müller et
al., 2007). This contradictory pattern of macrophage behavior in the
periphery may indicate that different stimuli recruit different sub-
populations of macrophages (e.g., CSF-1 dependency).

It is now widely accepted that macrophages exert multifaceted
functions, both beneficial and deleterious, at the site of inflam-

mation. In GLD, however, the invasion of
blood-borne macrophages into the CNS
and the subsequent formation of globoid
cells are so massive that conventional wis-
dom suggested that blocking their migra-
tion would benefit the pathology. Our
study is the first to provide evidence that
macrophages are beneficial as a whole in
the pathophysiology of the animal model
of GLD by supporting remyelination.
Based on previous findings that macro-
phages in twi mice express high levels of
certain key proinflammatory cytokines
such as TNF-� and IL-6 that have been
implicated in OL death (LeVine and
Brown, 1997), reducing macrophage-
related inflammatory factors has been
proposed as a strategy to lessen the demy-
elinating pathology. However, studies on
two knock-out mice [TNF-receptor 1
(Pedchenko et al., 2000) and IL-6 (Ped-
chenko and LeVine, 1999)] bred onto the
twi background demonstrated no change
and worsening of demyelination, respec-
tively. These surprising data indicated
that proinflammatory cytokines released
by macrophages may not necessarily be
harmful to myelin maintenance in GLD.

On the contrary, there have been sev-
eral reports that imply harmful properties
of inflammatory molecules in GLD.
When the twi mouse was crossed to an
MHC II-deficient background, the double
mutant showed a less severe “twitching”
phenotype with reduced demyelination
and a significant decrease in the number
of microglia/macrophages in the brain, al-
though its life span was not extended
(Matsushima et al., 1994). However,
MHC II may not be a major factor that
controls the pathophysiology of GLD, be-
cause the absence of the MHC II molecule
did not improve the pathology in the spi-
nal cord nor alter the life span of twi mice.
Indeed, in our study, removal of the
upregulated expressions of antigen
presentation-related molecules such as
CD11c (dendritic cell marker), MHC II,
and CD80 and CD86 (costimulatory mol-

ecules for antigen presentation) was associated with the worsened
pathology in twi�op mice, suggesting that the antigen presenta-
tion event is not a major contributing factor in the demyelinating
pathology of GLD. Treatment of twi mice with ibudilast, a phos-
phodiesterase inhibitor that has been proven to suppress glial cell
activation, decreased the number of apoptotic OL and reduced
demyelination (Kagitani-Shimono et al., 2005). Mohri et al.
(2006) have demonstrated reduced demyelination and some im-
proved clinical signs in twi mice by blocking the pathway between
an inflammatory mediator, prostaglandin D2 produced by mi-
croglia, and its receptors on astrocytes using gene targeting and
pharmacological approaches. These anti-inflammatory ap-
proaches have shown some success in improving the pathol-
ogy in twi mice, but had no effect on extending their life span.

Figure 9. Most macrophages express CD11c antigen in twi and twi�op mice. A, Double-immunofluorescence staining for CD11c and
CD11bintheventralwhitematterofthespinalcordatP45.CD11b � restingmicroglia inwild-typemiceweremostlyCD11c �,whereasthe
representative area with densely accumulated macrophages in twi shows that most CD11b � cells were also CD11c �. There were few
macrophages in twi�op mice, but they were mostly positive for CD11c as well. B, Morphometric analysis of the CD11c and/or CD11b-
immunoreactive areas as shown in A. Error bars represent SEM for the sum of CD11b �/�CD11c �/� areas per group (n�4). The merged
images include 4�,6-diamidino-2-phenylindole (DAPI) counterstaining in blue. Scale bars, 50 �m.
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Recently, treatments with nonsteroidal anti-inflammatory
drugs (ibuprofen, minocycline, and indomethacin) prolonged
the life span of a transgenic mouse model of GLD by 17–21%
with decreased mRNA levels of proinflammatory cytokines
such as IL-6 and TNF-� (Luzi et al., 2009). These pleiotropic
drugs might have exerted not only anti-inflammatory effects
but also provided neurons/axons with neuroprotection (Lam-
bat et al., 2000; Sanz-Blasco et al., 2008; Kim and Suh, 2009).
Nonetheless the extension of life span is much smaller com-
pared to that following bone marrow transplantation, which
can be 2-fold (Yeager et al., 1984) to even over 8-fold in our
laboratory (Y.K. and I.D.D., unpublished data).

Levels of IGF-1 and TGF-�1 mRNA have been reported to
increase when macrophages are depleted in a rat model of exper-
imental demyelination (Kotter et al., 2005), whereas increased
expression of these molecules in twi mice returned to the level of
the wild-type control in twi�op mice in this study. The difference
from our study may be that the clodronate–liposome treatment,
which Kotter et al. used, effectively blocked migration of blood-
borne macrophages into the CNS but did not influence the mi-
croglia population. Therefore, resident microglia that responded
to the chemical demyelination might have been responsible for
the upregulation of IGF-1 and TGF-�1 mRNA.

It may be noteworthy that the levels of IGF-1, TGF-�1, and
LIF mRNA decreased significantly in twi�op mice, even though
these molecules are produced by astrocytes that were activated to
the same extent as in twi mice as judged by GFAP immunoreac-
tivity and its mRNA expression. This reactive astrocytosis could
be a direct effect of psychosine (Giri et al., 2002, 2008), which was
elevated in both twi and twi�op mice (Table 2). These results
suggest that the morphological changes in astrocytes may not
indicate functional alteration of these cells and that expression of
IGF-1, TGF-�1, and LIF is highly dependent on macrophages.

Other than secreting a series of cytokines and growth factors
that are beneficial in the maintenance or repair of myelin, mac-
rophages may facilitate remyelination by phagocytosing myelin
debris. Insufficient myelin debris clearance results in inhibition
of remyelination (Dubois-Dalcq et al., 2005; Franklin and Kotter,
2008). In chemically induced focally demyelinated lesions in rats,
this inhibition seems to result from delayed OPC recruitment
when macrophages were depleted by the clodronate–liposome
treatment (Kotter et al., 2005) or from an arrest of OPC differen-
tiation into myelinating OLs when myelin debris was exoge-
nously overloaded (Kotter et al., 2006). The difference between
the two studies might be that the latter had normal macrophage
recruitment in the lesion. Likewise, with a depleted macrophage
population this study supports the former mechanism; the up-
regulation of PDGF-R� mRNA expression in twi mice and the
absence of its upregulation in twi�op mice (Fig. 7) indicate that
OPC recruitment was compromised even though NG2� OPCs
appeared to be activated (Fig. 6). In addition to clearing myelin
debris that directly inhibits OPC differentiation, macrophages
may play an important role in remyelination by regulating the
OPC pool.

Together with previous studies on GLD described above, our
study suggests that anti-inflammatory approaches either amelio-
rate or impair the clinical course only to a minor extent. In our
study, both M1 and M2 markers on macrophages were increased
in the spinal cord of twi mice. In twi�op mice, the depletion of
macrophages did not appear to change the balance between M1
and M2 and only led to the worsening of demyelinating pathol-
ogy. The results indicate that simply controlling the number of
macrophages may be ineffective as a therapy for GLD. We pro-

pose that the functions of macrophages must be modified toward
the direction that supports any primary therapies such as hema-
topoietic stem cell transplantation and replacement of myelinat-
ing cells. Such modifications will provide a window of time
required before the initiation of the primary therapy, a milieu in
which transplanted myelinating cells can survive and remyelinate
axons, and/or prevention of the slowly progressive neurodegen-
eration that occurs in GLD upon transplantation. For example,
IL-4, IL-10, and IL-13 can lead macrophages to become a protec-
tive M2 phenotype in contrast to the destructive M1 phenotype
that can be induced by the proinflammatory cytokine IFN-�. The
ability to promote macrophages to express an M2 phenotype
systemically may be a good future supportive strategy in the treat-
ment of GLD.
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