
www.elsevier.com/locate/ynbdi
Neurobiology of Disease 18 (2005) 166–175
Macrophage-depletion induced impairment of experimental CNS

remyelination is associated with a reduced oligodendrocyte progenitor

cell response and altered growth factor expression
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Although macrophages are mediators of CNS demyelination, they are

also implicated in remyelination. To examine the role of macrophages

in CNS remyelination, adult rats were depleted of monocytes using

clodronate liposomes and demyelination induced in the spinal cord

white matter using lysolecithin. In situ hybridization for scavenger

receptor-B and myelin basic protein (MBP) revealed a transiently

impaired macrophage response associated with delayed remyelination

in liposome-treated animals. Macrophage reduction corresponded

with delayed recruitment of PDGFRa+ oligodendrocyte progenitor

cells (OPCs), which preceded changes in myelin phagocytosis,

indicating a macrophage effect on OPCs independent of myelin

debris clearance. Macrophage-depletion induced changes in the

mRNA expression of insulin-like growth factor-1 and transforming

growth factor h1, but not platelet-derived growth factor-A and

fibroblast growth factor-2. These data suggest that the macrophage

response to toxin-induced demyelination influences the growth factor

environment, thereby affecting the behavior of OPCs and hence the

efficiency of remyelination.
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Introduction

Multiple sclerosis (MS) is characterized by an immune-

mediated breakdown of myelin sheaths and axonal loss. Apart

from T-cells, macrophages are believed to be important effector

cells involved in the destructive process contributing to antigen

presentation and secretion of proinflammatory cytokines and
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toxic factors, and may even directly damage myelin sheaths

(Bitsch et al., 2000; Hill et al., 2004; Huitinga et al., 1990;

Lassmann et al., 2001; Rose et al., 2004). Once axons have been

demyelinated, a spontaneous regenerative response can occur in

which the denuded areas are reinvested with new myelin sheaths.

This process is termed remyelination and has been observed in

both MS patients (Lassmann et al., 1997; Raine and Wu, 1993)

and in a range of experimental models of demyelination (Franklin

and Goldman, 2004). However, the extent of remyelination can

differ widely, and the reason why it often fails in chronic MS is

an important issue currently being explored (Prineas et al., 1993,

2002; Franklin, 2002).

While there has been a general consent on the involvement

of the immune system in demyelination, a number of observa-

tions point to an association between inflammation and

remyelination. Postmortem evidence from MS tissue (Prineas

and Connell, 1979; Raine, 1997; Wolswijk, 2002) as well as

experimental findings (Graça and Blakemore, 1986; Hinks and

Franklin, 2000; Ludwin, 1980; Morell et al., 1998) suggests that

remyelination is often associated with areas of robust inflam-

mation and a large macrophage presence. Recently, several

functional studies using toxin-induced models, where the myelin

damage is not mediated by the immune system making it

possible to isolate and study the contribution of inflammation to

the repair process, have provided evidence that inflammation

may beneficially contribute to remyelination. First, using a well-

characterized method to deplete peripheral blood monocytes (van

Rooijen, 1989), we were able to show that early depletion of

macrophages leads to an impairment of remyelination (Kotter

et al., 2001). Second, remyelination is impaired in transgenic

animals lacking inflammatory cytokines such as TNF-a and IL-

1h, MHCII, or T-cells (Arnett et al., 2001, 2003; Bieber et al.,

2003; Mason et al., 2001).

Macrophages might benefit remyelination in two ways. On

the one hand, they are the main cell type responsible for
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phagocytic clearance of myelin debris (Ousman and David, 2000;

Copelman et al., 2001), which in vitro has been shown to impair

oligodendrocyte precursor differentiation (Robinson and Miller,

1999). On the other hand, macrophages are able to secrete a wide

variety of different factors including cytokines and growth factors

known to be involved in remyelination (Arnett et al., 2001;

Hinks and Franklin, 1999; Mason et al., 2001; Nathan, 1987).

The present study tests the hypothesis that macrophages are

involved in the process of remyelination by the phagocytosis of

myelin debris as well as by contributing to the signaling

environment. To do this, we have examined the consequences

of a reduced macrophages response for (1) the oligodendrocyte

progenitor cell (OPC) response to demyelination, (2) the

efficiency of myelin debris phagocytosis, and (3) the expression

profiles of several growth factors expressed during remyelination

and that contribute to the signaling environment.
Materials and methods

Macrophage depletion

Depletion of peripheral blood monocytes was achieved using

a previously published protocol (van Rooijen, 1989; van

Rooijen and Sanders, 1994). Mannosylated multilamellar lip-

osomes containing dichloromethylene diphosphonate (Cl2MDP,

clodronate) were prepared in PBS ready for intravenous

injection. Clodronate was a gift of Roche Diagnostics (Man-

nheim, Germany). Rats were anesthetized with halothane and

oxygen, and liposomes were injected into the tail vein at a dose

of 1 ml of clodronate liposomes per 100 g bodyweight. Control

animals received corresponding volumes of phosphate-buffered

saline (PBS). Repeat injections of 0.5 ml/100 g clodronate

liposome suspension or PBS for control animals were made

every 5 days.

Induction of focal demyelination

A total number of 46 young adult female Sprague-Dawley rats

(200–230 g) were used. Focal areas of demyelination were created

in spinal cord white matter. In brief, rats were anesthetized with

halothane and oxygen, and a laminectomy was performed on the

first lumbar vertebra. One microliter of 1% lysolecithin (Sigma,

UK) was injected into the left ventral funiculus, and an additional

1 Al was injected into the dorsal funiculus by means of a glass

micropipette attached to a 10-ml Hamilton syringe held in a

micromanipulator. Double injections were performed to increase

the numbers of lesions for analysis without increasing animal

numbers. For all variables assessed, no differences were found

between dorsal and ventral lesions.

Solochrome cyanine staining

Air-dried frozen 10-Am cryostat sections were rehydrated with

graded alcohol and stained with solochrome cyanine (Fisher

Scientific Ltd., UK) for 15 min at room temperature. Following

several washes with water, they were differentiated with 5% iron

alum (Fisher Scientific Ltd.) again rinsed with water and counter-

stained with van Gieson staining for 20 s. After several washes,

sections were dehydrated with graded alcohol, cleared in xylene,

and mounted with DPX mountant.
Radioactive in situ hybridization

Four to six animals were sacrificed for each group and time

point by intracardiac injection of pentobarbitone under deep

halothane-induced anesthesia on experimental days 5, 10, and

20. One-centimeter lengths of spinal cord containing the lesion

were rapidly removed and snap-frozen at �308C in n-pentane and

stored at �808C prior to sectioning. Transverse cryostat sections

(10 Am) of spinal cord were cut at �258C and freeze–thaw-

mounted onto the polylysine-coated slides. Sections were sampled

from the center of lesion-containing lengths of spinal cords, air-

dried, and fixed using 4% paraformaldehyde in phosphate-buffered

saline (PBS) for 5 min, rinsed twice in 1� PBS for 1 min, and

dehydrated in 70% ethanol for 5 min. Sections were stored in 96%

ethanol at 48C until further use. The following antisense

oligonucleotides sequences specific for SR-B, myelin basic protein

(MBP) exon1, insulin-like growth factor (IGF)-1, transforming

growth factor (TGF)-h1, platelet-derived growth factor (PDGF)-A,

and fibroblast growth factor (FGF)-2, whose efficacy was

demonstrated in previous publications, were used:

SR-B: 5V-CTA CAG CTT GGC TTC TTG CAG TAC CGT

GCC CTT GGC AGC TGG TGA CAT CA (Genbank accession

no. D89655) (Hinks and Franklin, 2000); MBP exon1: 5V-TGT
GGC CAG GTA CTT GGATCG CTG TGA GGG TCT CTT CTG

TGA TGC CAT (Sim et al., 2000); IGF-1: 5V-AGT AAA AGC

CCC TTG GTC CAC ACA CGA ACT GAA GAG (Hinks and

Franklin, 2000; Shinar and McMorris, 1995); TGF-h1: 5V-ATG
GTA GCC CTT GGG CTC GTG GAT CCA CTT (Hinks and

Franklin, 2000); PDGF-A: 5V-TGG GCG AGG TAT CCG CAG

CCG AGG AGC AGC AGG CAA GCC CAG GTC CTC AT

(Ueda et al., 1996) and 5V-CAC CTC ACA TCC GTC TCC TCC

TCC CGA TGG TCT GGG TTC AGG TTG (Hinks and Franklin,

2000; Pollock and Richardson, 1992); FGF-2: 5V-CGG TTC GCA

CAC ACT CCC TTG ATG GAC ACA ACT CCT CTC TCT TCT

GCT TG (Hinks and Franklin, 2000; Ji et al., 1995) and 5V-CGG
CCG TCT GGATGG ATG CGC AGG AAG AAG CCG CCG TT

(Barraclough et al., 1990; Hinks and Franklin, 2000).

Oligonucleotide probes were labeled at the 3V end using a

commercial kit (NEP100) and 35S-dATP (1000 Ci/mmol). The

radiolabeled probe was purified using Sephadex columns (Micro-

biospin6, Biorad), and dithiothreitol was added to a final concen-

tration of 50 mM prior to dilution in hybridization buffer. Lesion-

containing areas from both control and treatment groups were

hybridized overnight in hybridization buffer, and 35S-dATP-labeled

oligonucleotide probes were diluted to a concentration of 3000

cpm/ml hybridization buffer. Sections were covered with parafilm

and hybridized overnight at 428C in a humid atmosphere. Excess

unbound probe was removed using the following stringency

washes: 1� standard saline citrate buffer (SSC) at room temperature

for 30 min and then 1� SSC at 558C for 30 min. Slides were finally

rinsed in 1� SSC, dehydrated in ethanol, and air-dried. Sections

from control and experimental animals were apposed to the same

sheet of Biomax MR film before the film was developed under

standard conditions. Antisense oligonucleotide sequences specific

for PDGF-A, FGF-2, IGF-1, TGF-b1, MBP, and SR-B were used

as previously published (Hinks and Franklin, 1999). Analysis of in

situ hybridization autoradiograms was carried out using an MCID

image analyzer (model M4, MCID, Toronto, Canada) to measure

relative optical density (ROD) values. Expression levels within

lesion areas, identified by solochrome cyanine staining of serial

sections mapping throughout the entire lesion (8–12 sections per
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animal), were measured using a semiautomated target detection

facility that defined the region of increased optical density and then

provided an averaged optical density reading across the selected

region including both ventral and dorsal lesions weighted according

to the area of expression within each animal from which back-

ground film levels were deducted. Measurements were taken within

the linear range of optical density levels, and the in situ hybrid-

ization results were expressed in arbitrary units (ROD values� 100;

film background was subtracted from readings prior to multi-

plication); measurements for each animal were processed inde-

pendently on the MCID.

Nonradioactive in situ hybridization

The platelet-derived growth factor-a receptor (PDGFRa) probe
was transcribed from a 1637-bp EcoRI cDNA fragment, encoding

most of the extracellular domain of mouse PDGFRa cloned into

pBluescript KS+ (a gift from Dr N.P. Pringle and Professor W.D.

Richardson, University College, UK). PDGFRa-positive (+) cells

in seven to nine dorsal and ventral funiculus lesions per group and

time point were analyzed in animals sacrificed on experimental

days 5 and 10. As detailed in Fig. 2, comparisons were performed

between PDGFRa+ cells in normal white matter and on

experimental days 5 and 10. Animals were perfused with 4%

paraformaldehyde in PBS (phosphate-buffered saline), and tissue

was prepared for in situ hybridization performed as described

previously (Fruttiger et al., 1999; Sim et al., 2000). After in situ

hybridization, RNA hybrids were visualized in situ by a standard

technique as described previously (Fruttiger et al., 1999). Lesions

were identified on digital images of solochrome cyanine-stained

sections, and the lesion area determined using a public domain

program (Image J 1.29�; free download on http://rsb.info.nih.gov/

ij/) which calculates the area following a manual outline of the

lesion border. PDGFRa+ cells within the lesions and within

unaffected white matter were manually counted on digitized

adjacent sections. OPC density was calculated by dividing the

manual cell count by the established lesion area.

Oil-red-O staining

Oil-red-O (Sigma) working solution was prepared by adding 20

ml H2O to 30 ml 1% oil-red-O in isopropanol. Sections were stained

for 10 min then washed for 4 min and counterstained in Carrazi’s

hematoxylin for 4 min. Following a 4-min wash in H2O, the sections

were differentiated in 0.5% aqueous hydrochloric acid for 7 s and

again washed in water for 10 min. Finally, the slides were mounted

using an aqueous mounting medium. Representative images of oil-

red-O stained lesions were digitized and blindly ranked with the

highest staining density receiving the highest rank value.

Statistical analysis

ROD data were statistically analyzed using ANOVA followed

by Student t post hoc pairwise comparisons for data at individual

time points (Graphpad Software). P values for correlations of

mRNA products across experimental groups were approximated in

a computer simulation with N1012 random sequence runs. Ranking

analysis for PDGFRa+ and oil-red-O stained sections was done

using Mann-Whitney test comparing data at individual time points.

For all tests, P = 0.05 was taken as the minimum level of statistical

significance.
Results

Clodronate liposome administration leads to a transient

impairment of the macrophage response following

lysolecithin-induced demyelination

To assess the effects of monocyte depletion on the presence

of macrophages within the lesions, we measured the expression

of scavenger receptor B (SR-B) mRNA. SR-B is expressed on

blood monocytes, highly expressed in monocytes-derived macro-

phages, in neonatal microglia but not in resting adult microglia

(Husemann and Silverstein, 2001; Husemann et al., 2002). A

number of studies have used SR-B to identify the presence and

activity of macrophages (Han et al., 1997), including within

remyelinating lesions (Hinks and Franklin, 2000). Although

levels of SR-B mRNA do not allow a clear distinction to be

made between cell numbers and levels of activity within

individual cells, they nevertheless provide a quantifiable indica-

tion of the total levels of macrophage function. SR-B mRNA

expression was rapidly increased after lesion induction within

the control group, whereas in liposome-treated animals, the rise

was delayed, confirming that macrophage depletion was suc-

cessful (Fig. 1A). Consistent with our earlier study (Kotter et al.,

2001), a significant difference between the groups was found at

day 5 (P = 0.0007). However, at days 10 and 20, SR-B levels

were similar (Figs. 1A, C), indicating that despite the initial

decrease in macrophage numbers within the lesion, the clodro-

nate liposome-treated animals were able to restore normal

numbers of macrophages, presumably due to a compensatory

increase in microglia-derived macrophages.

The reexpression of MBP mRNA within lesions is impaired in

monocyte-depleted animals

Myelin basic protein (MBP) is an important structural protein

of myelin sheaths expressed in mature oligodendrocytes and can

be used as a marker of remyelination (Jordan et al., 1990;

Ludwin and Sternberger, 1984; Sim et al., 2000; Woodruff and

Franklin, 1999b). MBP expression dropped sharply after

lysolecithin injection. However, whereas a steady increase in

MBP mRNA levels was observed in the controls, reexpression of

MBP in the depleted animals was impaired. A significant

difference of MBP levels between the groups was observed

after 10 days (P = 0.0007), and MBP levels remained different

after 20 days when MBP expression was unchanged in depleted

animals, although it had increased in the control group (P =

0.0061; Figs. 1B, D). The lesion area was assessed on

solochrome cyanine-stained sections, and statistical analysis

yielded a significant difference between the treatment groups at

day 20 (P = 0.0203) with lesion areas remaining large in

depleted animals (data not shown). These findings are consistent

with our earlier observations based on histological assessment of

remyelination (Kotter et al., 2001).

A delayed macrophage response delays OPC recruitment and

impairs differentiation during the course of remyelination

Oligodendrocyte progenitor cells (OPCs) are the primary

source of remyelinating cells in the CNS and can be detected by

the use of probes for PDGFRa (Gensert and Goldman, 1997;

Levine and Reynolds, 1999; Sim et al., 2002a; Watanabe et al.,
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Fig. 1. Comparison of (A) SR-B and (B) MBP mRNA expression levels in monocyte-depleted and control animals following lysolecithin-induced

demyelination. Although SR-B expression was only transiently decreased in liposome-treated animals, MBP reexpression was significantly impaired in these

animals. (ROD: relative optical density, error bars: SEM; values of normal white matter were used as values for day 0). (C) Diagram and corresponding

solochrome cyanine-stained transverse sections illustrating the location of lysolecithin-induced demyelination in the spinal cord. Focal areas of demyelination

were induced in the dorsal and ventrolateral white matter of the spinal cord. (D, E) Autoradiograms showing in situ hybridization with 35S-labeled

oligonucleotides for SR-B and MBP mRNAs (scale bars: C = 2.65 mm; D, E = 5 mm).
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2002). In theory, impaired remyelination could result from either

impaired OPC recruitment or impaired OPC differentiation, or a

combination of the two (Franklin, 2002). Assessment of OPC

densities in the lesions revealed that they were significantly fewer

in depleted animals compared to controls at day 5 (P = 0.0111).

However, at day 10, similar densities of OPCs were found in

both groups indicating a transient impairment in OPC recruitment

(Fig. 2). Previous observations on lysolecithin-induced demyeli-
Fig. 2. (A) In situ hybridization for PDGFRa allows detection of oligodendrocyte p

stained sections were overlaid with images of sections stained for PDGFRa. (B
manually counted, and the area of the lesion was detected using free-domain ima

treated animals (scale bar: A = 0.4 mm, B = 0.1 mm).
nation in rat spinal cord indicated that in young animals,

oligodendrocyte differentiation starts around 10 days, when myelin

protein gene mRNAs and new myelin sheaths can first be detected

in the lesion (Woodruff and Franklin, 1999b). Thus, since the

number of OPCs was the same in the depleted and control groups

at this stage, it can be inferred that a key contribution to the

impaired remyelination (Fig. 1B) was an impairment of OPC

differentiation.
rogenitor cells (OPC) in the lesions. Digital images of solochrome cyanine-

) Following detection of the lesion borders, PDGFRa-positive cells were

ging software. (C) OPC recruitment was significantly delayed in liposome
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Changes in the phagocytic activity appear during later stages of

remyelination

Oil-red-O staining allows identification of neutral lipids that are

formed once myelin debris has been ingested by macrophages and

therefore can be used as an indicator of the efficiency of myelin

debris phagocytosis (Eto et al., 2003). Blind ranking of oil-red-O-

stained sections revealed no differences between the groups at ex-

perimental day 5 (Fig. 3), despite the differences in SR-B expression

(Fig. 1A). However, at day 10, sections of liposome-treated animals

exhibited significantly less staining than control animals (P =

0.0006), indicating that the depletion of macrophages is eventually

reflected in differences in the efficacy of myelin debris clearance.

Nevertheless, there was no direct temporal correlation between the

OPC density and the efficiency of myelin debris clearance.

Impairment of the macrophage response alters IGF-1 expression

Macrophages are a major source of signaling molecules within

areas of inflammation, and one would therefore predict that

alterations in the macrophage response would be reflected in

changes in the signaling environment. In order to test this

prediction, we examined the expression profiles of several growth

factors involved or implicated in remyelination, and whose

expression patterns have previously been described in the rat

lysolecithin lesion model (Hinks and Franklin, 1999, 2000) (Fig. 4).

Insulin like growth factor 1 (IGF-1) is associated with the

differentiation of OPCs into mature phenotypes (Hsieh et al., 2004),

and its expression patterns during remyelination suggest that it may

act as a differentiation signal to recruited OPCs (Hinks and Franklin,

1999, 2000). Lesion induction led to a rapid increase in IGF-1

mRNA expression in control animals that at day 5 contrasted with

observed levels in depleted animals (P = 0.0363). The lower levels

of IGF-1 mRNA in the depleted animals showed a strong correlation

with SR-B mRNA levels (P = 0.0041), suggesting that at this early

time point, IGF-1 expression is therefore related to the presence of

macrophages. This observation supports the spatial expression

correlations described previously (Hinks and Franklin, 1999) and
Fig. 3. (A) Transverse section of ventral funiculus lesions stained with oil-red-O to

increase in the accumulation of intracellular lipids over time (rank value: highest

were found between the treatment groups at day 5 (5/m-d: macrophage-depleted

significantly less staining than control animals, indicating a decreased phagocytic

(For interpretation of the references to colour in this figure legend, the reader is
is consistent with the observation of IGF-1 production by macro-

phages as observed following cuprizone-induced demyelination and

in other models of CNS injury (Mason et al., 2001; O’Donnell et al.,

2002). The IGF-1 mRNA levels were not significantly different at

day 10 in PBS controls but somewhat surprisingly were significantly

higher in the depleted group at day 20 (P = 0.0407, Fig. 4A). The

high IGF-1 mRNA in the depleted group was strongly correlated

with low MBP expression (P = 0.00087) at day 20 and may have

reflected an ongoing attempt to repair lesions that were more

completely remyelinated in the control group.

TGF-b1 expression remains high in depleted animals at day 20

Transforming growth factor (TGF)-h1 has a multiplicity of

biological effects including down-regulation of microglia functions

and stimulation of astrocytes (Silberstein et al., 1996; Suzumura et

al., 1993; Xiao et al., 1997). In the context of oligodendrocyte

lineage cells, an in vitro association with proliferation arrest and

differentiation of OPCs (McKinnon et al., 1993; Schuster et al.,

2002) together with its expression profile following toxin-induced

demyelination has suggested that it may serve a similar role to IGF-

1 in stimulating OPC differentiation during remyelination. TGF-b1
mRNA expression was rapidly up-regulated after lysolecithin-

induced demyelination in both groups, and peak levels were

reached at day 10 as previously reported. However, whereas a

subsequent drop in TGF-b1 mRNA levels was observed in the

controls, TGF-b1 mRNA levels remained high in depleted animals

(P = 0.0282, Fig. 4), and there was a strong correlation between

low MBP levels and high TGF-b levels (P = 0.00087), mirroring a

similar effect of depletion on IGF-1 mRNA levels (Fig. 4B).

Expression of the OPC mitogenic growth factors PDGF-A and

FGF-2 remains unchanged in depleted animals

PDGF-A and FGF-2 mRNAs are expressed following lysole-

cithin-induced demyelination (Hinks and Franklin, 1999), and both

have been demonstrated to be OPC mitogens during remyelination

(Frost et al., 2003; Woodruff et al., 2004). We therefore
allow identification of neutral lipids. (B) Blind ranking analysis reveals an

density of oil-red-O staining received highest rank number). No differences

, 5/c: control). However, at day 10, monocyte-depleted animals exhibited

activity (10/m-d: macrophage-depleted, 10/c: control) (scale bar = 0.5 mm).

referred to the web version of this article.)



Fig. 4. (A–D) Comparison of IGF-1, TGF-b1, PDGF-A, and FGF-2 mRNA expression in monocyte-depleted versus control animals. Monocyte depletion led

to a delayed increase of IGF-1 expression. In contrast, on experimental day 20, IGF-1 expression remained high in liposome-treated animals. Similarly, TGF-

b1 levels remained high in liposome-treated animals. Liposome treatment did not affect the mitogenic growth factors PDGF-A and FGF-2. (ROD: relative

optical density, error bars: SEM; values of normal white matter were used as values for day 0).
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hypothesized that the decrease in OPC response in the depleted

animals at 5 days (Fig. 2B) might be related to decreased levels of

one or both of these factors. However, both factors exhibited similar

expression profiles in control and depleted animals, including at

day 5 after lesion induction when the OPC and macrophage

abundance was lower in the depleted animals Fig. 4C and D.
Discussion

A number of in vivo studies provide evidence that remyeli-

nation is impaired when the inflammatory response is exper-

imentally reduced (Arnett et al., 2001; Mason et al., 2001), and it

is now evident that both lymphocytes and macrophages can

contribute beneficially to remyelination (Bieber et al., 2003;

Diemel et al., 2004; Kotter et al., 2001; Loughlin et al., 1997).

Inflammatory cells may contribute to remyelination by a number

of different ways. Their contribution could be either the removal

of putative inhibitory factors or the supply of factors that are

conducive to the regenerative process, specifically facilitating

OPC recruitment or promoting the formation of new myelin

sheaths.

To explore the role of macrophages in remyelination, we have

removed the contribution that circulating monocytes make to the

macrophage response to toxin-induced demyelination by injecting

liposomes containing clodronate into the peripheral circulation.

Once injected, clodronate liposomes are rapidly cleared by

macrophages throughout the entire organism, decreasing monocyte

populations of different maturation stages in the blood (Sunder-

kotter et al., 2004). Additionally, resident macrophages predom-

inantly in the liver and the spleen are affected by the treatment (van
Rooijen et al., 1990, 1997). Extensive use in vivo et vitro of the

liposome technique has demonstrated its ability to specifically

target cells of the macrophage lineage (Marin-Teva et al., 2004;

van Rooijen et al., 1997).

Following liposome treatment, we find, somewhat surprisingly,

that a transient delay in the macrophage response to demyelination

is sufficient to impair remyelination. Similar to old animals (Sim

et al., 2002b), monocyte depletion causes an impairment of OPC

recruitment, as reflected by a difference in the OPC density within

lesions of liposome-treated animals at day 5 (Fig. 2), and also

OPC differentiation, inferred from the observation that OPC

numbers were similar in both groups at day 10 when MBP mRNA

and new myelin sheaths first appear in this lesion heralding the

start of the differentiation phase of remyelination (Franklin and

Hinks, 1999; Woodruff and Franklin, 1999a,b). The OPC recruit-

ment impairment was not directly related to differences in the

phagocytic activity, which instead bore a closer temporal

correlation with the stage of OPC differentiation. Thus, the

persistence of myelin debris in the lesion may inhibit OPC

differentiation rather than recruitment, a conclusion consistent

with in vitro studies on the effects of myelin on cultured OPCs

(Robinson and Miller, 1999).

Differences in the density of OPCs in depleted animals at day 5

precede differences in the phagocytic response (detected by the

degree of oil-red-O staining) and are therefore unlikely to be linked

to the presence of myelin debris. It may thus be possible that the

depletion of macrophages leads to a change in the signaling

environment responsible for mediating OPC recruitment. Although

many factors have been associated with OPC migration and

proliferation in development, a smaller number have been shown to

perform similar roles during remyelination. Of these, both PDGF-



M.R. Kotter et al. / Neurobiology of Disease 18 (2005) 166–175172
A and FGF-2 emerge as key mediators of OPC recruitment and

therefore as likely candidates for factors altered by monocyte

depletion (Frost et al., 2003; Woodruff et al., 2004). However, the

mRNA expression patterns of both factors remained unchanged in

monocyte-depleted animals, and so the lack of OPC recruitment

cannot be accounted for by these known OPC mitogens. Previous

studies have indicated that reactive astrocytes are the primary

source of both these factors following CNS demyelination

(Albrecht et al., 2003; Hinks and Franklin, 1999; Redwine and

Armstrong, 1998), and it would therefore seem that expression of

these growth factor mRNAs is unaffected by macrophages. In

contrast, parallel to the changes of OPC recruitment, IGF-1

expression was lower in liposome-treated animals at day 5. Studies

on IGF-1r knockout mice have implicated an important role of

IGF-1 signaling for the survival of OPCs during early stages of

remyelination (Mason et al., 2003). However, as IGF-1 levels were

only slightly reduced, it seems unlikely that the marked differences

observed in respect to OPC density at early stages can be

exclusively attributed to reduced IGF-1 expression. There are a

multiplicity of other factors potentially involved in OPC recruit-

ment and either directly secreted by macrophages or be indirectly

controlled by macrophage-derived factors. These include cytokines

such as IL-1h (Vela et al., 2002) and chemokines such as CXCL1

(gro-a), (Robinson et al., 1998) or various extracellular matrix

molecules influencing the migratory and proliferative properties of

OPCs via their expression of av integrins (Blaschuk et al., 2000;

Milner et al., 1996). Given the numerous potential mediators of

OPC recruitment and the interactions that occur between them, it is

unlikely that its impairment results from changes in expression of

single genes. Instead, it may arise from a broader disturbance of the

signaling environment associated with this phase of remyelination,

the identification of which will require the use of techniques for

multiple gene analysis such as transcription profiling.

Consistent with the concept of a disrupted macrophage

response altering the signaling environment following demyelina-

tion were the changes we found in the expression profiles of IGF-1

and TGF-b1 mRNAs. Two possible roles for IGF-1 as an OPC

survival factor and differentiation factor during remyelination have

been described. While there is some evidence that IGF-1 plays a

role during the differentiation of OPCs into mature oligodendro-

cytes in vivo (Hsieh et al., 2004), a number of studies support the

view that IGF-1 acts as a trophic factor on both OPCs and

differentiated oligodendrocytes in vitro et vivo (Barres et al., 1992;

Mason et al., 2000; Masters et al., 1991; McKinnon et al., 1993; Ye

and D’Ercole, 1999). While the reduced levels of IGF-1 at 5 days

could be directly related to the reduced SR-B levels indicative of an

impaired macrophage response, the high levels of IGF-1 expres-

sion at day 20 were unexpected and suggest that early disruption of

the macrophage response may disrupt a cascade of events which

have unpredictable longer term consequences for the signaling

environment. The functional significance of higher IGF-1 mRNA

levels in the slowly remyelinating depleted animals is unclear. One

possibility is that it may help to counteract negative influences of

factors such as TGF-h1 (McKinnon et al., 1993; Schuster et al.,

2002, see below) or TNF-a which was up-regulated during

unsuccessful attempts at remyelination in the IGF-1r knockout

model (Mason et al., 2003). IGF-1 might also be involved in

maintaining a robust macrophage response as a proliferative effect

of IGF-1 on macrophages and microglia is well recognized (Li et

al., 1996; Mueller et al., 1994; O’Donnell et al., 2002; Scheven and

Hamilton, 1991).
Similar to IGF-1, the elevated levels of TGF-b1 at 20 days

suggested long-term effects on the signaling environment of an

early disturbance in the inflammatory response to demyelination.

The functional significance of this is difficult to assess since the

biological effects of TGF-h1 are many. For example, TGF-h1
down-regulates a variety of macrophage functions such as

cytotoxicity, the expression of lysosomal phosphatase, and surface

expression of MHC-II (in rats; Hu et al., 1995; Merrill and

Zimmerman, 1991; Panek and Benveniste, 1995; Suzumura et al.,

1993). Thus, a potentially important role of TGF-h1 might be to

modulate and prevent an exuberant and possibly damaging

inflammatory response. Consistent with its role in limiting

proliferation and inducing apoptosis during development, TGF-

h1 has negative effects on the proliferation and survival of OPCs

(McKinnon et al., 1993; Schuster et al., 2002). TGF-b1 levels

remained high in liposome-treated animals at day 20. Similar to

IGF-1, there was a strong correlation between low MBP levels

and high TGF-b. This might be regarded as efforts to limit

ongoing processes involved in the attempt to repair. In this case,

sustained high levels of IGF-1 might specifically counteract

deleterious effects of TGF-h on OPCs ensuring their survival

(Yu et al., 2000).

Our findings emphasize the importance of macrophages

during remyelination and indicate that they are likely to

contribute not only to the removal of myelin debris, but also to

the creation of the growth factor signaling environment associated

with the repair process. A caveat to our findings is that the effects

we observe may only reflect the function of monocyte-derived

macrophages, and it is possible that those derived from microglia

perform different functions (Lassmann et al., 1993). Nevertheless,

several conclusions regarding the role of macrophages can be

drawn. Although some of the consequences of monocyte

depletion, such as the early impairment of IGF-1 mRNA

expression, could be directly related to the reduced macrophage

response, the later changes in IGF-1 and TGF-b1 appeared to be

longer term consequences of an early disturbance of the normal

inflammatory response. These results suggest a model whereby

the creation of a pro-remyelination signaling environment is

generated by a cascade of events triggered by the initial

inflammatory response. Such a model would therefore explain

why an early and even transient change in the inflammatory

response causes long-term alterations in the environment that are

not necessarily predictable but that occur as a result of any early

change in the cascade becoming amplified with time. The

implications of this model are that the long-term effects of early

immunosuppressive therapies currently employed during acute

relapses of multiple sclerosis may be unpredictable and delete-

rious to the regenerative process of remyelination. In the context

of developing novel treatment strategies for de- and remyelina-

tion, inflammation should not be considered as being uniformly

destructive, but instead, attempts should be made to differentiate

regenerative inflammation as observed in the context of repair

from destructive inflammation as seen in autoimmune disease or

host defense.
Acknowledgments

This work was funded by Research into Ageing, the Barnwood

House Trust and the Commission of the European Communities,

Specific RTD programme bQuality of Life and Management of



M.R. Kotter et al. / Neurobiology of Disease 18 (2005) 166–175 173
Living Resources,Q QLK6-CT-2000-00179. M.R.K. holds a

Schrfdinger Fellowship of the Austrian Science Fund (F.W.F.)

and a Raymond and Beverley Sackler Foundation Award.

Clodronate was a gift of Roche Diagnostics (Mannheim,

Germany), and Dr. T.M. Fink kindly offered advice with respect

to the computer simulation.
References

Albrecht, P.J., Murtie, J.C., Ness, J.K., Redwine, J.M., Enterline, J.R.,

Armstrong, R.C., Levison, S.W., 2003. Astrocytes produce CNTF

during the remyelination phase of viral-induced spinal cord demyeli-

nation to stimulate FGF-2 production. Neurobiol. Dis. 13, 89–101.

Arnett, H.A., Mason, J., Marino, M., Suzuki, K., Matsushima, G.K., Ting,

J.P., 2001. TNF alpha promotes proliferation of oligodendrocyte

progenitors and remyelination. Nat. Neurosci. 4, 1116–1122.

Arnett, H.A., Wang, Y., Matsushima, G.K., Suzuki, K., Ting, J.P., 2003.

Functional genomic analysis of remyelination reveals importance of

inflammation in oligodendrocyte regeneration. J. Neurosci. 23,

9824–9832.

Barres, B.A., Hart, I.K., Coles, H.S., Burne, J.F., Voyvodic, J.T.,

Richardson, W.D., Raff, M.C., 1992. Cell death in the oligodendrocyte

lineage. J. Neurobiol. 23, 1221–1230.

Barraclough, R., Fernig, D.G., Rudland, P.S., Smith, J.A., 1990. Synthesis

of basic fibroblast growth factor upon differentiation of rat mammary

epithelial to myoepithelial-like cells in culture. J. Cell Physiol. 144,

333–344.

Bieber, A.J., Kerr, S., Rodriguez, M., 2003. Efficient central nervous

system remyelination requires T cells. Ann. Neurol. 53, 680–684.

Bitsch, A., Kuhlmann, T., Da Costa, C., Bunkowski, S., Polak, T., Bruck,

W., 2000. Tumour necrosis factor alpha mRNA expression in early

multiple sclerosis lesions: correlation with demyelinating activity and

oligodendrocyte pathology. Glia 29, 366–375.

Blaschuk, K.L., Frost, E.E., Ffrench-Constant, C., 2000. The regulation of

proliferation and differentiation in oligodendrocyte progenitor cells by

alphaV integrins. Development 127, 1961–1969.

Copelman, C.A., Diemel, L.T., Gveric, D., Gregson, N.A., Cuzner, M.L.,

2001. Myelin phagocytosis and remyelination of macrophage-enriched

central nervous system aggregate cultures. J. Neurosci. Res. 66,

1173–1178.

Diemel, L.T., Wolswijk, G., Jackson, S.J., Cuzner, M.L., 2004. Remyeli-

nation of cytokine- or antibody-demyelinated CNS aggregate cultures is

inhibited by macrophage supplementation. Glia 45, 278–286.

Eto, M., Yoshikawa, H., Fujimura, H., Naba, I., Sumi-Akamaru, H.,

Takayasu, S., Itabe, H., Sakoda, S., 2003. The role of CD36 in

peripheral nerve remyelination after crush injury. Eur. J. Neurosci. 17,

2659–2666.

Franklin, R.J.M., 2002. Why does remyelination fail in multiple sclerosis?

Nat. Rev., Neurosci. 3, 705–714.

Franklin, R.J.M., Hinks, G.L., 1999. Understanding CNS remyelination:

clues from developmental and regeneration biology. J. Neurosci. Res.

58, 207–213.

Franklin, R.J.M., Goldman, J.E., 2004. In: Lazzarini, R.A. (Ed.),

Remyelination by Endogenous Glia. Elsevier, San Diego, pp. 173–196.

Frost, E.E., Nielsen, J.A., Le, T.Q., Armstrong, R.C., 2003. PDGF and

FGF-2 regulate oligodendrocyte progenitor responses to demyelination.

J. Neurobiol. 54, 457–472.

Fruttiger, M., Karlsson, L., Hall, A.C., Abramsson, A., Calver, A.R.,

Bostrom, H., Willetts, K., Bertold, C.H., Heath, J.K., Betsholtz, C.,

Richardson, W.D., 1999. Defective oligodendrocyte development and

severe hypomyelination in PDGF-A knockout mice. Development 126,

457–467.

Gensert, J.M., Goldman, J.E., 1997. Endogenous progenitors remyelinate

demyelinated axons in the adult CNS. Neuron 19, 197–203.
Graça, D.L., Blakemore, W.F., 1986. Delayed remyelination in rat spinal

cord following ethidium bromide injection. Neuropathol. Appl. Neuro-

biol. 12, 593–605.

Han, J., Hajjar, D.P., Febbraio, M., Nicholson, A.C., 1997. Native and

modified low density lipoproteins increase the functional expression of

the macrophage class B scavenger receptor, CD36. J. Biol. Chem. 272,

21654–21659.

Hill, K.E., Zollinger, L.V., Watt, H.E., Carlson, N.G., Rose, J.W., 2004.

Inducible nitric oxide synthase in chronic active multiple sclerosis

plaques: distribution, cellular expression and association with myelin

damage. J. Neuroimmunol. 151, 171–179.

Hinks, G.L., Franklin, R.J.M., 1999. Distinctive patterns of PDGF-A, FGF-

2, IGF-I, and TGF-beta1 gene expression during remyelination of

experimentally-induced spinal cord demyelination. Mol. Cell. Neurosci.

14, 153–168.

Hinks, G.L., Franklin, R.J.M., 2000. Delayed changes in growth factor gene

expression during slow remyelination in the CNS of aged rats. Mol.

Cell. Neurosci. 16, 542–556.

Hu, S., Sheng, W.S., Peterson, P.K., Chao, C.C., 1995. Cytokine modulation

of murine microglial cell superoxide production. Glia 13, 45–50.

Huitinga, I., van Rooijen, N., de Groot, C.J., Uitdehaag, B.M., Dijkstra,

C.D., 1990. Suppression of experimental allergic encephalomyelitis in

Lewis rats after elimination of macrophages. J. Exp. Med. 172,

1025–1033.

Husemann, J., Silverstein, S.C., 2001. Expression of scavenger receptor

class B, type 1, by astrocytes and vascular smooth muscle cells in

normal adult mouse and human brain and in Alzheimer’s disease brain.

Am. J. Pathol. 158, 825–832.

Husemann, J., Loike, J.D., Anankov, R., Febbraio, M., Silverstein, S.C.,

2002. Scavenger receptors in neurobiology and neuropathology: their

role on microglia and other cells of the nervous system. Glia 40,

195–205.

Hsieh, J., Aimone, J.B., Kaspar, B.K., Kuwabara, T., Nakashima, K., Gage,

F.H., 2004. IGF-I instructs multipotent adult neural progenitor cells to

become oligodendrocytes. J. Cell. Biol. 164, 111–122.

Ji, R.R., Zhang, Q., Zhang, X., Piehl, F., Reilly, T., Pettersson, R.F.,

Hokfelt, T., 1995. Prominent expression of bFGF in dorsal root ganglia

after axotomy. Eur. J. Neurosci. 7, 2458–2468.

Jordan, C.A., Friedrich Jr., V.L., de Ferra, F., Weismiller, D.G., Holmes,

K.V., Dubois-Dalcq, M., 1990. Differential exon expression in myelin

basic protein transcripts during central nervous system (CNS) remyeli-

nation. Cell. Mol. Neurobiol. 10, 3–18.

Kotter, M.R., Setzu, A., Sim, F.J., van Rooijen, N., Franklin, R.J.M., 2001.

Macrophage depletion impairs oligodendrocyte remyelination following

lysolecithin-induced demyelination. Glia 35, 204–212.

Lassmann, H., Schmied, M., Vass, K., Hickey, W.F., 1993. Bone marrow

derived elements and resident microglia in brain inflammation. Glia 7,

19–24.

Lassmann, H., Bruck, W., Lucchinetti, C., Rodriguez, M., 1997. Remyeli-

nation in multiple sclerosis. Mult. Scler. 3, 133–136.

Lassmann, H., Bruck, W., Lucchinetti, C., 2001. Heterogeneity of multiple

sclerosis pathogenesis: implications for diagnosis and therapy. Trends

Mol. Med. 7, 115–121.

Levine, J.M., Reynolds, R., 1999. Activation and proliferation of

endogenous oligodendrocyte precursor cells during ethidium bromide-

induced demyelination. Exp. Neurol. 160, 333–347.

Li, Y.M., Arkins, S., McCusker Jr., R.H., Donovan, S.M., Liu, Q.,

Jayaraman, S., Dantzer, R., Kelley, K.W., 1996. Macrophages

synthesize and secrete a 25-kilodalton protein that binds insulin-like

growth factor-I. J. Immunol. 156, 64–72.

Loughlin, A.J., Copelman, C.A., Hall, A., Armer, T., Young, B.C., Landon,

D.N., Cuzner, M.L., 1997. Myelination and remyelination of aggregate

rat brain cell cultures enriched with macrophages. J. Neurosci. Res. 47,

384–392.

Ludwin, S.K., 1980. Chronic demyelination inhibits remyelination in the

central nervous system. An analysis of contributing factors. Lab. Invest.

43, 382–387.



M.R. Kotter et al. / Neurobiology of Disease 18 (2005) 166–175174
Ludwin, S.K., Sternberger, N.H., 1984. An immunohistochemical study of

myelin proteins during remyelination in the central nervous system.

Acta Neuropathol. (Berl) 63, 240–248.

Marin-Teva, J.L., Dusart, I., Colin, C., Gervais, A., van Rooijen, N., Mallat,

M., 2004. Microglia promote the death of developing Purkinje cells.

Neuron 41, 535–547.

Mason, J.L., Ye, P., Suzuki, K., D’Ercole, A.J., Matsushima, G.K., 2000.

Insulin-like growth factor-1 inhibits mature oligodendrocyte apoptosis

during primary demyelination. J. Neurosci. 20, 5703–5708.

Mason, J.L., Suzuki, K., Chaplin, D.D., Matsushima, G.K., 2001.

Interleukin-1beta promotes repair of the CNS. J. Neurosci. 21,

7046–7052.

Mason, J.L., Xuan, S., Dragatsis, I., Efstratiadis, A., Goldman, J.E.,

2003. Insulin-like growth factor (IGF) signaling through type 1 IGF

receptor plays an important role in remyelination. J. Neurosci. 23,

7710–7718.

Masters, B.A., Werner, H., Roberts Jr., C.T., LeRoith, D., Raizada, M.K.,

1991. Insulin-like growth factor I (IGF-I) receptors and IGF-I action in

oligodendrocytes from rat brains. Regul. Pept. 33, 117–131.

McKinnon, R.D., Smith, C., Behar, T., Smith, T., Dubois-Dalcq, M., 1993.

Distinct effects of bFGF and PDGF on oligodendrocyte progenitor

cells. Glia 7, 245–254.

Merrill, J.E., Zimmerman, R.P., 1991. Natural and induced cytotoxicity of

oligodendrocytes by microglia is inhibitable by TGF beta. Glia 4,

327–331.

Milner, R., Edwards, G., Streuli, C., Ffrench-Constant, C., 1996. A role in

migration for the alpha V beta 1 integrin expressed on oligodendrocyte

precursors. J. Neurosci. 16, 7240–7252.

Morell, P., Barrett, C.V., Mason, J.L., Toews, A.D., Hostettler, J.D., Knapp,

G.W., Matsushima, G.K., 1998. Gene expression in brain during

cuprizone-induced demyelination and remyelination. Mol. Cell. Neuro-

sci. 12, 220–227.

Mueller, R.V., Hunt, T.K., Tokunaga, A., Spencer, E.M., 1994. The effect of

insulinlike growth factor I on wound healing variables and macrophages

in rats. Arch. Surg. 129, 262–265.

Nathan, C.F., 1987. Secretory products of macrophages. J. Clin. Invest. 79,

319–326.

O’Donnell, S.L., Frederick, T.J., Krady, J.K., Vannucci, S.J., Wood, T.L.,

2002. IGF-I and microglia/macrophage proliferation in the ischemic

mouse brain. Glia 39, 85–97.

Ousman, S.S., David, S., 2000. Lysophosphatidylcholine induces rapid

recruitment and activation of macrophages in the adult mouse spinal

cord. Glia 30, 92–104.

Panek, R.B., Benveniste, E.N., 1995. Class II MHC gene expression in

microglia. Regulation by the cytokines IFN-gamma, TNF-alpha, and

TGF-beta. J. Immunol. 154, 2846–2854.

Pollock, R.A., Richardson, W.D., 1992. The alternative-splice isoforms of

the PDGFA-chain differ in their ability to associate with the extracellular

matrix and to bind heparin in vitro. Growth Factors 7, 267–277.

Prineas, J.W., Connell, F., 1979. Remyelination in multiple sclerosis. Ann.

Neurol. 5, 22–31.

Prineas, J.W., Barnard, R.O., Revesz, T., Kwon, E.E., Sharer, L., Cho, E.S.,

1993. Multiple sclerosis: pathology of recurrent lesions. Brain 116,

681–693.

Prineas, J., McDonald, W., Franklin, R.J.M., 2002. Demyelinating diseases.

In: Graham, D.I., Lantos, P.L. (Eds.), Greenfield’s Neuropathology.

Arnold, London, pp. 471–550.

Raine, C.S., 1997. The Norton Lecture: a review of the oligodendrocyte in

the multiple sclerosis lesion. J. Neuroimmunol. 77, 135–152.

Raine, C.S., Wu, E., 1993. Multiple sclerosis: remyelination in acute

lesions. J. Neuropathol. Exp. Neurol. 52, 199–204.

Redwine, J.M., Armstrong, R.C., 1998. In vivo proliferation of oligoden-

drocyte progenitors expressing PDGFalphaR during early remyelina-

tion. J. Neurobiol. 37, 413–428.

Robinson, S., Miller, R.H., 1999. Contact with central nervous system

myelin inhibits oligodendrocyte progenitor maturation. Dev. Biol. 216,

359–368.
Robinson, S., Tani, M., Strieter, R.M., Ransohoff, R.M., Miller, R.H., 1998.

The chemokine growth-regulated oncogene-alpha promotes spinal cord

oligodendrocyte precursor proliferation. J. Neurosci. 18, 10457–10463.

Rose, J.W., Hill, K.E., Watt, H.E., Carlson, N.G., 2004. Inflammatory cell

expression of cyclooxygenase-2 in the multiple sclerosis lesion.

J. Neuroimmunol. 149, 40–49.

Scheven, B.A., Hamilton, N.J., 1991. Stimulation of macrophage growth

and multinucleated cell formation in rat bone marrow cultures by

insulin-like growth factor I. Biochem. Biophys. Res. Commun. 174,

647–653.

Schuster, N., Bender, H., Philippi, A., Subramaniam, S., Strelau, J., Wang,

Z., Krieglstein, K., 2002. TGF-beta induces cell death in the

oligodendroglial cell line OLI-neu. Glia 40, 95–108.

Shinar, Y., McMorris, F.A., 1995. Developing oligodendroglia express

mRNA for insulin-like growth factor-I, a regulator of oligodendrocyte

development. J. Neurosci. Res. 42, 516–527.

Silberstein, F.C., De Simone, R., Levi, G., Aloisi, F., 1996. Cytokine-

regulated expression of platelet-derived growth factor gene and protein

in cultured human astrocytes. J. Neurochem. 66, 1409–1417.

Sim, F.J., Hinks, G.L., Franklin, R.J.M., 2000. The re-expression of the

homeodomain transcription factor Gtx during remyelination of exper-

imentally induced demyelinating lesions in young and old rat brain.

Neuroscience 100, 131–139.

Sim, F.J., Zhao, C., Li, W.W., Lakatos, A., Franklin, R.J.M., 2002a.

Expression of the POU-domain transcription factors SCIP/Oct-6 and

Brn-2 is associated with Schwann cell but not oligodendrocyte

remyelination of the CNS. Mol. Cell. Neurosci. 20, 669–682.

Sim, F.J., Zhao, C., Penderis, J., Franklin, R.J.M., 2002b. The age-related

decrease in CNS remyelination efficiency is attributable to an impair-

ment of both oligodendrocyte progenitor recruitment and differentia-

tion. J. Neurosci. 22, 2451–2459.

Sunderkotter, C., Nikolic, T., Dillon, M.J., van Rooijen, N., Stehling, M.,

Drevets, D.A., Leenen, P.J., 2004. Subpopulations of mouse blood

monocytes differ in maturation stage and inflammatory response.

J. Immunol. 172, 4410–4417.

Suzumura, A., Sawada, M., Yamamoto, H., Marunouchi, T., 1993.

Transforming growth factor-beta suppresses activation and proliferation

of microglia in vitro. J. Immunol. 151, 2150–2158.

Ueda, M., Becker, A.E., Kasayuki, N., Kojima, A., Morita, Y., Tanaka, S.,

1996. In situ detection of platelet-derived growth factor-A and -B chain

mRNA in human coronary arteries after percutaneous transluminal

coronary angioplasty. Am. J. Pathol. 149, 831–843.

van Rooijen, N., 1989. The liposome-mediated macrophage dsuicideT
technique. J. Immunol. Methods 124, 1–6.

van Rooijen, N., Sanders, A., 1994. Liposome mediated depletion of

macrophages: mechanism of action, preparation of liposomes and

applications. J. Immunol. Methods 174, 83–93.

van Rooijen, N., Kors, N., vd, E.M., Dijkstra, C.D., 1990. Depletion and

repopulation of macrophages in spleen and liver of rat after intravenous

treatment with liposome-encapsulated dichloromethylene diphospho-

nate. Cell. Tissue Res. 260, 215–222.

van Rooijen, N., Bakker, J., Sanders, A., 1997. Transient suppression of

macrophage functions by liposome-encapsulated drugs. Trends. Bio-

technol. 15, 178–185.

Vela, J.M., Molina-Holgado, E., Arevalo-Martin, A., Almazan, G.,

Guaza, C., 2002. Interleukin-1 regulates proliferation and differ-

entiation of oligodendrocyte progenitor cells. Mol. Cell. Neurosci. 20,

489–502.

Watanabe, M., Toyama, Y., Nishiyama, A., 2002. Differentiation of

proliferated NG2-positive glial progenitor cells in a remyelinating

lesion. J. Neurosci. Res. 69, 826–836.

Wolswijk, G., 2002. Oligodendrocyte precursor cells in the demyelinated

multiple sclerosis spinal cord. Brain 125, 338–349.

Woodruff, R.H., Franklin, R.J.M., 1999a. Demyelination and remyelination

of the caudal cerebellar peduncle of adult rats following stereotaxic

injections of lysolecithin, ethidium bromide, and complement/anti-

galactocerebroside: a comparative study. Glia 25, 216–228.



M.R. Kotter et al. / Neurobiology of Disease 18 (2005) 166–175 175
Woodruff, R.H., Franklin, R.J.M., 1999b. The expression of myelin protein

mRNAs during remyelination of lysolecithin-induced demyelination.

Neuropathol. Appl. Neurobiol. 25, 226–235.

Woodruff, R.H., Fruttiger, M., Richardson, W.D., Franklin, R.J.M., 2004.

Platelet-derived growth factor regulates oligodendrocyte progenitor

numbers in adult CNS and their response following CNS demyelina-

tion. Mol. Cell. Neurosci. 25, 252–262.

Xiao, B.G., Bai, X.F., Zhang, G.X., Link, H., 1997. Transforming growth
factor-beta1 induces apoptosis of rat microglia without relation to bcl-2

oncoprotein expression. Neurosci. Lett. 226, 71–74.

Ye, P., D’Ercole, A.J., 1999. Insulin-like growth factor I protects

oligodendrocytes from tumor necrosis factor-alpha-induced injury.

Endocrinology 140, 3063–3072.

Yu, C., Takeda, M., Soliven, B., 2000. Regulation of cell cycle proteins by

TNF-alpha and TGF-beta in cells of oligodendroglial lineage.

J. Neuroimmunol. 108, 2–10.


	Macrophage-depletion induced impairment of experimental CNS remyelination is associated with a reduced oligodendrocyte progenitor cell response and altered growth factor expression
	Introduction
	Materials and methods
	Macrophage depletion
	Induction of focal demyelination
	Solochrome cyanine staining
	Radioactive in situ hybridization
	Nonradioactive in situ hybridization
	Oil-red-O staining
	Statistical analysis

	Results
	Clodronate liposome administration leads to a transient impairment of the macrophage response following lysolecithin-induced demyelination
	The reexpression of MBP mRNA within lesions is impaired in monocyte-depleted animals
	A delayed macrophage response delays OPC recruitment and impairs differentiation during the course of remyelination
	Changes in the phagocytic activity appear during later stages of remyelination
	Impairment of the macrophage response alters IGF-1 expression
	TGF-beta1 expression remains high in depleted animals at day 20
	Expression of the OPC mitogenic growth factors PDGF-A and FGF-2 remains unchanged in depleted animals

	Discussion
	Acknowledgments
	References


