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Abstract

In multiple sclerosis lesions, remyelination typically fails with
repeated or chronic demyelinating episodes and results in neurologic
disability. Acute demyelination models in rodents typically exhibit
robust spontaneous remyelination that prevents appropriate evalua-
tion of strategies for improving conditions of insufficient remyelina-
tion. In the current study, we used a mouse model of chronic
demyelination induced by continuous ingestion of 0.2% cuprizone for
12 weeks. This chronic process depleted the oligodendrocyte
progenitor population and impaired oligodendrocyte regeneration.
Remyelination remained limited after removal of cuprizone from the
diet. Fibroblast growth factor 2 (FGF2) expression was persistently
increased in the corpus callosum of chronically demyelinated mice as
compared with nonlesioned mice. We used FGF2™'~ mice to
determine whether removal of endogenous FGF2 promoted remyeli-
nation of chronically demyelinated areas. Wild-type and FGF2™/~
mice exhibited similar demyelination during chronic cuprizone
treatment. Importantly, in contrast to wild-type mice, the FGF2™/~
mice spontaneously remyelinated completely during the recovery
period after chronic demyelination. Increased remyelination in
FGF2™'" mice correlated with enhanced oligodendroglial regener-
ation. FGF?2 genotype did not alter the density of oligodendrocyte
progenitor cells or proliferating cells after chronic demyelination.
These findings indicate that attenuating FGF2 created a sufficiently
permissive lesion environment for endogenous cells to effectively
remyelinate viable axons even after chronic demyelination.

Key Words: Cuprizone, Demyelinating disease, Differentiation,
Fibroblast growth factor, Myelin repair, Oligodendrocyte progenitor.

INTRODUCTION

In central nervous system (CNS) demyelinating dis-
eases such as multiple sclerosis (MS), myelin damage
impairs impulse conduction along denuded axons. Limited
remyelination occurs in MS lesions (1-3) but is typically
insufficient to prevent long-term neurologic disability. After

From the Department of Anatomy, Physiology, and Genetics (RCA, TQL,
NCF, Y-XZ) and the Program in Neuroscience (RCA, NCF, ACV), Uni-
formed Services University of the Health Sciences, Bethesda, Maryland.

Send correspondence and reprint requests to: Regina C. Armstrong, PhD,
Department of Anatomy, Physiology, and Genetics, Uniformed Services
University of the Health Sciences, 4301 Jones Bridge Rd., Bethesda,
MD 20814-4799; E-mail: rarmstrong@usuhs.mil

This work was supported by National Institutes of Health grant NS39293
and National Multiple Sclerosis Society grant RG3515.

J Neuropathol Exp Neurol e Volume 65, Number 3, March 2006

a demyelinating event, improved remyelination could maxi-
mize functional recovery of viable axons and prevent
associated axonal damage and degeneration.

In rodent models, extensive spontaneous remyelination
and functional recovery is possible after an episode of acute
transient demyelination (4, 5). Proliferation of immature
cells and differentiation into myelinating oligodendrocytes is
required for this extensive remyelination (6, 7). Similarly,
immature oligodendrocyte lineage cells persist in the adult
human CNS and may proliferate to increase in number
within and near MS lesions (8, 9). However, these immature
cells often fail to differentiate sufficiently to remyelinate
throughout the extent of MS lesions. Therefore, the repair
capacity of endogenous cells may be limited by non-
permissive signals in chronic MS lesions.

Growth factors, cytokines, and cell adhesion molecules
may regulate oligodendrocyte progenitor (OP) differentiation
into remyelinating oligodendrocytes in the environment of a
demyelinated lesion. Among these potential signaling mole-
cules, we have examined the in vivo role of endogenous
fibroblast growth factor 2 (FGF2), which is upregulated during
postnatal development and in acute demyelination (10—12).
During remyelination after acute demyelination, FGF2 null
mice exhibit enhanced oligodendrocyte repopulation of
demyelinated lesions (12). This improved oligodendrocyte
regeneration was further studied using in vivo retroviral
lineage analysis in wild-type versus FGF2 null mice, which
demonstrated that the predominant effect of FGF2 in vivo
during remyelination is inhibition of OP differentiation (11).

The current study examines whether this FGF2 effect
on OP differentiation and oligodendrocyte regeneration has a
significant impact on remyelination. Acute demyelination
models in rodents typically exhibit spontaneous remyelina-
tion that may be so robust as to prevent appropriate
evaluation of strategies for improving remyelination. There-
fore, the current study challenges the capacity of endogenous
cells to regenerate oligodendrocytes and remyelinate chroni-
cally demyelinated lesions.

We induced active demyelination in mice by adding
0.2% cuprizone to the diet so that return to normal chow
would allow analysis of spontaneous remyelination without
ongoing disease pathogenesis. Cuprizone reproducibly
demyelinates the corpus callosum of mice (13). Spontaneous
remyelination is greatly reduced after chronic cuprizone
demyelination in contrast to acute demyelination (14—16).
Importantly, after chronic cuprizone demyelination, axons

245

Copyright © 2006 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.



Armstrong et al

J Neuropathol Exp Neurol * Volume 65, Number 3, March 2006

remain viable and can be remyelinated by transplanted OP
cells (16). In this chronic demyelination model, the current
study demonstrates dramatically improved remyelination by
endogenous cells in mice with genetic deletion of FGF2 as
compared with wild-type mice. Thus, FGF2 expression in
chronic lesions may limit remyelination and attenuation of
FGF2 may generate a sufficiently permissive environment
for spontaneous remyelination by endogenous cells.

MATERIALS AND METHODS

Animals

Mice were bred and maintained in the Uniformed
Services University of the Health Sciences (USUHS) animal
housing facility and all procedures were performed in
accordance with guidelines of the National Institutes of
Health, the Society for Neuroscience, and the USUHS
Institutional Animal Care and Use Committee. FGF2 knock-
out mice on the 129 Sv-Ev:Black Swiss genetic background
were obtained from breeding heterozygous pairs (provided
by Dr. Doetschman, University of Cincinnati). This FGF2
knockout was generated by a targeted deletion replacing a
0.5-kb portion of the FGF2 gene, including 121 bp of the
promoter and the entire first exon with an Hprf minigene (17).

Cuprizone Experimental Demyelination

Cuprizone ingestion results in a reproducible pattern of
extensive corpus callosum demyelination (12, 13). Cuprizone
treatment was started at 8 weeks of age and only male mice
were used. Cuprizone (0.2% (w/w), finely powdered oxalic
bis(cyclohexylidenehydrazide) (Sigma-Aldrich, St. Louis,
MO), was thoroughly mixed into chow (diet TD.01453;
Harlan Teklad, Madison, WI), which was available ad
libitum. Mice were maintained on the cuprizone diet until
perfused for analysis or returned to normal chow after
6 weeks or 12 weeks of cuprizone ingestion.

Tissue Preparation

Mice were perfused with 4% paraformaldehyde and
then brains were dissected before overnight postfixation in
4% paraformaldehyde (18). Brain tissue was cryoprotected
overnight at 4°C in 30% sucrose and frozen in OCT
compound for immunostaining and in situ hybridization.

In Situ Hybridization

In situ hybridization and preparation of digoxigenin-
labeled riboprobes were performed as previously detailed
(18, 19). Antisense riboprobes were used to detect mRNA
transcripts for proteolipid protein (PLP; gift from Dr. Lynn
Hudson; National Institutes of Health [20]) and PDGFaR
(gift from Dr. Bill Richardson; University College London
[21]). The digoxigenin-labeled riboprobes were hybridized
to 15-pm-thick coronal brain sections. Digoxigenin was
detected with an alkaline phosphatase-conjugated sheep
antidigoxigenin antibody (Boehringer Mannheim, India-
napolis, IN) followed by reaction with NBT/BCIP substrate
(DAKO, Carpinteria, CA).
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Immunohistochemistry

To identify OPs in situ, 15-pwm coronal brain sections
were immunostained for NG2 and PDGFaR (12, 19).
Primary antibodies used were rabbit polyclonal antiNG2
antibody (gift from Dr. William Stallcup, La Jolla, CA) and
rat monoclonal antiPDGFaR antibody (APAS5; Pharmingen,
San Diego, CA). Donkey antirabbit IgG F(ab’), conjugated
with Cy3 (Jackson Immunoresearch, West Grove, PA) was
used to detect NG2, whereas the PDGFaR was detected with
biotinylated donkey antirat IgG F(ab’), (Jackson Immuno-
research) followed by coumarin tyramide amplification
(New England Nuclear, Boston, MA).

Myelin was immunostained with monoclonal antibody
8-18C5, which recognizes myelin oligodendrocyte glyco-
protein (MOG). Hybridoma cells were provided by Dr.
Minetta Gardinier, University of Iowa (22). MOG immuno-
labeling was detected with donkey antimouse IgG F(ab’)
conjugated with Cy3 (Jackson Immunoresearch). 2

Cell proliferation was estimated with immunostaining
for Ki-67 antigen, which is expressed in the nuclei of
actively dividing cells but absent at G, (23). Ki-67 was
recognized with a rat monoclonal antibody to mouse Ki-67
antigen (DAKO) followed by detection with the ABC elite
kit using 3,3-diaminobenzidine (DAB) as a substrate (Vector
Labs, Burlingame, CA).

Imaging, Quantification, and Statistical Analysis

Images of in situ hybridization and immunostaining
results were captured with a Spot 2 CCD digital camera
using Spot Advanced image acquisition software (Diagnostic
Instruments, Sterling Heights, MI) on an Olympus IX-70
microscope. Images were prepared as panels using Adobe
Photoshop (San Jose, CA).

For comparing cell densities, all quantification was
performed by an investigator blinded to the treatment
condition. Cells expressing PLP mRNA were quantified
using unbiased stereologic morphometric analysis (12)
(Stereologer System from Systems Planning and Analysis,
Inc., Alexandria, VA). Analysis was restricted to the corpus
callosum region from the midline and extending laterally
to below the cingulum in 15-pm-thick coronal sections.
Using the Stereologer System, the specimen thickness
contributes to the sampled volume so that measurements
reflect cells/mm’. The unbiased stereologic method could
not be used appropriately for conditions with relatively few
cells of interest in any chosen category. Therefore, quanti-
fication of cells in the corpus callosum expressing PDGFaR
or Ki-67 required counting all labeled cells and using the
Spot 2 CCD camera and software to measure the area
sampled, resulting in density units of cells/mm? (12).

Quantification of corpus callosum myelination was
estimated from MOG immunofluorescence detected with a
Spot 2 CCD camera. Using Metamorph software, pixel
intensity values were normalized between sections by
thresholding to exclude values below the level of immunore-
activity in the dorsal fornix, which was selected as an
adjacent white matter tract that is not demyelinated by
cuprizone. The percent area of the corpus callosum (midline
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bilaterally to a point under the cingulum apex) with MOG
immunoreactivity above the threshold level was then used as
an estimate of the myelinated area.

Each category analyzed included three or more tissue
sections per mouse and three or more mice per condition,
except where larger sample sizes are noted in text and/or
figure legends. One-way analysis of variance (ANOVA) with
post hoc Tukey’s multiple comparison test was used to
determine significant differences among stages of disease
progression or treatment. Unpaired Student #-test was used to
compare between FGF?2 genotypes in nonlesioned mice. Sig-
nificance of an FGF2 genotype effect across multiple treat-

ment conditions was calculated using a two-way ANOVA.
No statistical comparisons were made between mice with dif-
ferent genetic backgrounds (i.e. C57Bl/6 mice and FGF?2 mice).

RESULTS

Chronic Cuprizone Demyelination Provided a
Relevant Model of Insufficient Remyelination to
Characterize the Repair Capacity of
Endogenous Cells

C57Bl1/6 mice were used to establish parameters for
analyzing, and later manipulating, the capacity of endogenous

A 100+

C57BIl/6 mice
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% area above MOG threshold

FIGURE 1. Spontaneous remyelination of the corpus callosum was compromised after chronic demyelination of C57BIl/6 mice.
(A) Corpus callosum myelination was estimated by immunofluorescence for myelin oligodendrocyte glycoprotein (MOG). Pixel
intensity values were normalized between tissue sections by thresholding to exclude values below the immunoreactivity in the
dorsal fornix, which was not demyelinated by cuprizone (see DF in [C]). The percent area of the corpus callosum with MOG
immunoreactivity above the threshold level was then used as an estimate of myelinated area. Bar colors indicate treatment
conditions: no cuprizone (white), acute cuprizone (up to 6 weeks, gray), or chronic cuprizone (9 weeks and above, black). At
least three sections were quantified per mouse and at least four mice per condition. After acute cuprizone, myelination returned
to near nonlesioned values (p > 0.05; no cuprizone, n = 4; 6 weeks cuprizone 6 weeks off, n = 5). Recovery to nonlesioned levels
did not occur after chronic cuprizone (p < 0.001; 12 weeks cuprizone 6 weeks off; n = 6). Values for 12-week cuprizone three off
were not significantly different than either 12-week cuprizone or 12-week cuprizone 6 off. Significant differences, p <0.05 or less,
are noted by an asterisk (*) for comparisons with no cuprizone. (B-D) Representative MOG immunostaining of coronal sections
through the corpus callosum. (B) Control without cuprizone treatment (age matched to [D]). (C) Continuous cuprizone for 12
weeks. (D) continuous cuprizone for 12 weeks followed by 6 weeks of recovery on normal chow. Midline at left side of each image.
CC, corpus callosum; DF, dorsal fornix; Cg, cingulum. Scale bar for (B, C, D) shown in (D) = 250 pm.

© 2006 American Association of Neuropathologists, Inc. 247

Copyright © 2006 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.



Armstrong et al

J Neuropathol Exp Neurol * Volume 65, Number 3, March 2006

oligodendrocyte lineage cells to repopulate and remyelinate
chronically demyelinated lesions. We used the cuprizone
model to take advantage of the ability to stop active demye-
lination simply by returning the mice to a normal diet. As
characterized in C57Bl/6 mice, continuous cuprizone inges-
tion results in persistent demyelination with a variable degree
of partial remyelination, indicating a regenerative potential of
endogenous cells even while mice are still fed cuprizone (24).
However, after 12 weeks of continuous 0.2% cuprizone in-
gestion in C57Bl/6 mice, spontancous remyelination re-
mained limited through the 6-week recovery period (Fig. 1).
This poor remyelination after chronic demyelination con-
trasted with the almost complete remyelination seen within the

Persistent but Limited Endogenous
Oligodendrocyte Lineage Cell Regenerative
Capacity After Chronic Demyelination

To better evaluate the underlying causes of limited
remyelination after chronic demyelination, we characterized
the oligodendrocyte lineage cell responses relative to disease
progression with a focus on the repair potential. Oligoden-
drocyte and OP populations were characterized during multi-
ple stages of disease progression: nonlesioned (no cuprizone),
acute demyelination (3—5 weeks of continuous cuprizone),
chronic demyelination (12 weeks of continuous cuprizone), and
recovery after chronic demyelination (12 weeks of continuous
cuprizone followed by normal chow for 3 or 6 weeks). In situ

hybridization was used to identify oligodendrocytes expressing

same recovery period after acute demyelination (i.e. 6 weeks
PLP mRNA transcripts (Fig. 2) and OP cells expressing

on cuprizone followed by 6 weeks off cuprizone; Fig. 1).
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FIGURE 2. Oligodendroglial repopulation of the corpus callosum was compromised after chronic demyelination of C57BI/6 mice.
(A) Quantification of the density of oligodendrocytes in the corpus callosum of C57BI/6 mice. In situ hybridization for PLP mRNA,
which identifies premyelinating and myelinating oligodendrocytes, was quantified using unbiased stereology with at least three
sections per mouse and at least four mice per condition. Bar colors indicate no cuprizone (white), acute cuprizone (gray), or
chronic cuprizone (black). The oligodendrocyte density after 12 weeks of cuprizone followed by 6 weeks for recovery was still
significantly below nonlesioned values (p > 0.05; n = 5 for both conditions). Significant differences, p < 0.05 or less, are noted by
an asterisk (*) for comparisons with no cuprizone and with a carrot (*) for comparisons of recovery stages with 12 week
cuprizone. (B-D) Representative PLP in situ hybridization of coronal sections through the corpus callosum. (B) Control without
cuprizone treatment (age matched to [D]). (C) Continuous cuprizone for 12 weeks. (D) Continuous cuprizone for 12 weeks
followed by 6 weeks of recovery on normal chow. Midline is at left side of each image and areas are similar to those shown Figure 1.
Scale bar for (B, C, D) shown in (D) = 250 pm.
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FIGURE 3. Chronic demyelination compromised oligodendrocyte progenitor (OP) and cycling cell densities. (A, B)
Quantification of the density of OP cells ([A], identified by in situ hybridization for PDGFaR mRNA) and cycling cells ([B],
detected by Ki-67 immunostaining) in the corpus callosum of C57BI/6 mice. Bar colors indicated no cuprizone (white), acute
cuprizone (gray), or chronic cuprizone (black). At least three sections were quantified per mouse and at least four mice per
condition. (A) The density of PDGFaR+ cells was significantly increased during acute demyelination but decreased to nontreated
levels during chronic cuprizone administration (p < 0.001 for 5 weeks cuprizone, denoted by asterisk [*], in comparison with all
other conditions; p > 0.05 for each comparison of chronic cuprizone with no treatment; no cuprizone, n = 5; 5 weeks cuprizone,
n = 5; 12 weeks cuprizone, n = 4; 12 weeks cuprizone + 3 weeks off, n = 6; 12 weeks cuprizone + 6 weeks off, n = 3). (B) The
density of Ki-67+ cells indicated a significant increase in the population of cycling cells after 12 weeks of cuprizone that declined
during the recovery phase (p < 0.01 for 12 weeks cuprizone, denoted by asterisk (*), in comparison with all other conditions; no
cuprizone, n = 4; 12 weeks cuprizone, n = 5; 12 weeks cuprizone + 6 weeks off, n = 5). (A, inset) Example of a cell
immunolabeled for NG2 (red) and exhibiting a chromatin arrangement (blue, DAPI staining) that was characteristic of
metaphase and indicative of active mitosis. Scale bar for inset in (A) = 10 pm.

platelet-derived growth factor a receptor (PDGFaR) mRNA
transcripts (Fig. 3).

Quantitative analysis of the oligodendrocyte population
revealed ongoing partial regeneration during and after chronic
demyelination (Fig. 2). The oligodendrocyte density was
lowest after the initial 3 weeks of cuprizone in the acute
phase. After 12 weeks of continuous cuprizone, the oligoden-
drocyte density continued to be severely reduced relative to
values from nontreated mice. Ongoing partial regeneration

during chronic demyelination was indicated by the fact that the
oligodendrocyte density after 12 weeks was higher than after
the initial 3 weeks. After ending the chronic cuprizone
treatment, this oligodendrocyte regeneration improved during
the recovery period. Interestingly, as shown in Figure 1,
remyelination did not progress similarly during this 6-week
recovery period. The PLP mRNA in situ hybridization used to
identify oligodendrocytes should detect both premyelinating
and myelinating oligodendrocytes because PLP transcription

FIGURE 4. In chronically demyelinated corpus callosum of C57BI/6 mice, FGF2 expression continued to be upregulated in
lesions. (A, B) Representative coronal sections through the corpus callosum with the midline along the left edge of each image.
In situ hybridization for FGF2 mRNA showed many labeled cells in neuronal structures, for example, cortex (above corpus
callosum) and hippocampus (below corpus callosum). In the corpus callosum, few cells exhibited detectable FGF2 mRNA in
nontreated mice (A) but FGF2 mRNA expression was markedly increased in the corpus callosum of mice fed 0.2% cuprizone for
12 weeks (B). Scale bar for (A, B) shown in (B) = 250 um.
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precedes myelin formation (25). These results indicate that OP population was amplified almost fourfold (Fig. 3).
after chronic demyelination, a proportion of premyelinating ~ However, by the end of the chronic demyelination period,
oligodendrocytes that are generated during the recovery period ~ the OP density was greatly reduced and remained low during

may fail to differentiate into myelinating oligodendrocytes. the recovery period. In the chronic lesions, similar results
The OP population dynamics were dramatically differ- were observed with OP identification using PDGFaR
ent in response to acute versus chronic demyelination (Fig. 3). (Fig. 3A) and using NG2 (12 weeks cuprizone = 155

In response to the initial episode of acute demyelination, the cells/mm?, n = 5; 12 weeks cuprizone plus 3 weeks recovery
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FIGURE 5. Spontaneous remyelination of the corpus callosum after chronic demyelination in FGF2 null mice but not in FGF2 wild-
type mice. (A, B) Quantification (like in Figure 1) of corpus callosum myelination estimated by immunostaining for myelin
oligodendrocyte glycoprotein (MOG) in cuprizone-treated FGF2~/~ mice (A) and FGF2*/* mice (B). The corpus callosum showed
persistent demyelination with 0.2% cuprizone ingestion throughout 9 weeks and 12 weeks. After 12 weeks of cuprizone
treatment, on return to normal chow, remyelination in FGF2~/~ mice significantly improved (p < 0.001; 12 weeks cuprizone, n =
4; 12 weeks cuprizone 6 weeks off, n = 4) and recovered to nonlesioned levels (p > 0.05; no cuprizone, n = 5; 12 weeks
cuprizone 6 weeks off). In contrast, values in FGF2*/* mice did not increase after chronic demyelination (p > 0.05; 12 weeks
cuprizone, n =4 vs. 12 weeks cuprizone 6 weeks off, n = 3) and remained significantly below nonlesioned levels (p < 0.001; no
cuprizone, n = 5 vs. 12 weeks cup). Significant differences, p < 0.05 or less, are noted by an asterisk (*) for comparison with no
cuprizone and with a carrot (*) for comparisons of recovery stages with 12 weeks cuprizone. Comparison of the FGF2*/* values
with the matching set of conditions in FGF2~/~ mice demonstrated a significant effect of genotype (p < 0.0001). (C-E)
Representative coronal sections of MOG immunostaining. Midline is at left side of each image and areas are similar to those
shown Figure 1. (C) FGF2~/~control mouse without cuprizone treatment (age matched to [D]). (D) FGF2~/~ mouse after 12
weeks of cuprizone followed by 6 weeks on normal chow. (E) FGF2*/* mouse after 12 weeks of cuprizone followed by 6 weeks on
normal chow. Scale bar for (C-E) shown in (E) = 250 pm.
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=169 cells/mm? n = 6; 12 weeks cuprizone plus 6 weeks
recovery = 115 cells/mm? n = 5). At 12 weeks of cuprizone
treatment, very few cells in the corpus callosum were identified
as actively undergoing mitosis using DAPI counterstaining to
reveal mitotic chromatin figures, but each actively dividing cell
was also immunostained for NG2 (inset, Fig. 3A). Immunos-
taining for Ki-67 nuclear antigen was used to more broadly
identify actively cycling cells within the corpus callosum
(Fig. 3B). Ki-67-labeled cycling cells were present at less than
half the density of OP cells. This cycling population, although
still relatively small, was significantly increased within the
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corpus callosum of mice fed cuprizone for 12 weeks as
compared with age-matched controls or with mice that had
recovered for 6 weeks after chronic demyelination. Together,
these findings demonstrated compromised but continued OP
cycling and regeneration of oligodendrocytes during chronic
demyelination and the subsequent recovery period (Figs. 2, 3).

FGF2 Expression Was Elevated in Chronically
Demyelinated Lesions

FGF2 expression is increased during acute cuprizone
demyelination and can inhibit OP differentiation and
oligodendrocyte regeneration during subsequent remyelina-
tion (11, 12). Using in situ hybridization for FGF2 mRNA
transcripts, we have shown that elevated FGF2 expression
persists within chronic cuprizone lesions, as compared with
nonlesioned corpus callosum (Fig. 4). FGF2 mRNA tran-
script abundance related to changes in FGF2 protein
detection in developing white matter and after acute
demyelination (10, 19). We predicted that in chronic
lesions, FGF2 inhibition of differentiation could contribute
to the limited capacity to generate remyelinating oligoden-
drocytes (Figs. 1, 2), especially in the context of a reduce
OP pool (Fig. 3A).

Removal of Endogenous FGF2 Promoted
Spontaneous Remyelination After
Chronic Demyelination

Although the endogenous populations did not effi-
ciently remyelinate after chronic cuprizone demyelination in
C57Bl/6 mice (Fig. 1), transplantation of OP cells has shown
that the axons remain viable for remyelination (16). There-
fore, we used this chronic demyelination model in FGF2

FIGURE 6. Oligodendroglial repopulation of the corpus
callosum after chronic demyelination was dramatically
improved in FGF2~/~ mice as compared with FGF2*/+ mice.
(A) Quantification of the density of oligodendrocytes in the
corpus callosum of FGF2 mice. In situ hybridization for PLP
mRNA, which identified premyelinating and myelinating
oligodendrocytes, was quantified using unbiased stereology
with at least three sections per mouse and at least four mice
per condition. The oligodendrocyte density after 12 weeks of
continuous cuprizone was significantly below nonlesioned
values (noted by asterisks [*]; p < 0.01 for FGF2*/+; p < 0.05 for
FGF2~/~ mice; n = 4 for each condition). After 12 weeks of
cuprizone and a subsequent 3- and 6-week period for
recovery on normal chow, oligodendrocyte densities in
FGF27/~ mice were no longer significantly different as
compared with nonlesion values (p > 0.05 at 3 weeks and at
6 weeks; n = 4 for each condition). Comparison of the FGF2+/*
values with the matching conditions in FGF2~/~ mice dem-
onstrated a significant effect of genotype (p = 0.0196). (B, C)
Representative PLP in situ hybridization of coronal sections
through the corpus callosum of an FGF2+/+ mouse (B) and an
FGF2~/~ mouse (C). Midline is at the left side of each image
and areas are similar to those shown Figure 1. In both
micrographs (B, C), sections shown are from mice that were
fed cuprizone continuously for 12 weeks followed by 6 weeks
on normal chow. Scale bar for (B, C) shown in (C) = 250 pm.
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knockout mice to test whether repair from the endogenous
OP population might be improved by removing endogenous
FGF2 from the lesion environment. The extent of demyeli-
nation after 12 weeks of cuprizone ingestion was similar in
C57Bl/6 mice and mice of both FGF2 wild-type (FGF2""")
and null (FGF2~'") genotypes (Figs. 1, 5). The percentage
of the corpus callosum area with myelin immunolabelin
was 45.8 + 14.1% in C57B1/6 mice, 50.05 + 7.8% in FGF2""
mice, and 46.9 + 4.3% in FGF2~'“mice. After the chronic
demyelination, only in FGF2~'~ mice did myelin immu-
nostaining in the corpus callosum significantly increase
during the recovery period (Fig. 5). Surprisingly, the myelin
immunostaining recovered to approximately nonlesion levels
by 6 weeks after removal of cuprizone from the diet of
FGF2™'~ mice. In contrast, in C57BI/6 mice (Fig. 1) or
FGF2""" mice (Fig. 5), the myelinated proportion of corpus
callosum area did not significantly increase during the
recovery period.

After Chronic Demyelination, the Density
of Oligodendrocytes Recovered in the
Absence of FGF2

This striking improvement in remyelination corre-
sponded with a dramatic increase in oligodendrocyte repo-
pulation of chronic lesions in FGF2 ™'~ mice, which was not
found in FGF2""" mice (Fig. 6). Before cuprizone treatment,
nonlesioned FGF2™" and FGF2™'~ mice had a similar
density of oligodendrocytes in the corpus callosum at 26
weeks of age, which corresponded with the longest cupri-
zone treatment and recovery protocol. In addition, the
cuprizone-induced loss of oligodendrocytes in FGF2"* and
FGF2™'~ mice was similar at the end of the chronic
cuprizone treatment. In conjunction with the quantitative
myelin immunostaining analysis, these findings indicate that

FIGURE 7. Oligodendrocyte progenitor (OP) and cycling cell
populations in corpus callosum after chronic demyelination
were not altered by FGF2 genotype. (A, B) Quantification of
the density of OP cells ([A], identified by in situ hybridization
for PDGFaR) and cycling cells ([B], identified by Ki-67
immunostaining) in corpus callosum white matter of FGF2*/*
mice and FGF2™' mice. (A) Compared with nontreated mice,
the density of OP cells was significantly higher after chronic
(12 weeks) cuprizone regardless of FGF2 genotype (noted by
asterisks [*]; FGF2*/* mice, p < 0.001; FGF2™'~ mice, p <
0.001; n = 4 for each condition). (B) The density of cycling
cells was also similarly increased significantly after 12 weeks of
cuprizone, relative to nontreated mice, for both FGF2 geno-
types (noted by asterisks [*]; FGF2*/* mice, p < 0.05; FGF2~/~
mice, p < 0.05; n = 5 for each no cuprizone genotype, n = 4
for each 12 week cuprizone genotype). Comparison of all
three FGF27/~ conditions with those from FGF2** mice
demonstrated no significant effect of genotype for PDGFaR+
cells (p = 0.2746) or Ki-67+ cells (p = 0.8651). (C)
Representative example of Ki-67 immunostaining of coronal
sections through the corpus callosum of an FGF2~/~ mouse after
12 weeks of chronic cuprizone. Midline is at the left side of each
image and areas are similar to those shown Figure 1. The
corpus callosum was approximately within the borders demar-
cated between the dashed lines. Scale bar in (C) = 250 pm.
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FGF2"" and FGF2™'~ mice experienced a similar chronic
disease severity. Importantly, during the 6-week recovery
period after chronic demyelination, the oligodendrocyte
density returned to nonlesioned values in the FGF2~ '~
mice, but not in FGF2""* mice. Analysis of an additional
intermediate recovery period in FGF2~'~ mice confirmed
this increased oligodendrocyte regeneration and demonstra-
ted that this repopulation could occur within 3 weeks after
removal of cuprizone from the diet.

FGF2 Genotype Did not Regulate the Density of
Progenitor and Cycling Cell Populations

We previously showed that the absence of FGF2 did
not significantly alter OP amplification in response to acute
cuprizone demyelination (12). A robust OP proliferative
response occurred after 5 weeks of cuprizone in FGF2 null
and wild-type mice that was similar to the previously
mentioned data for C57B1/6 mice (Fig. 3). However, the
OP population was depleted during chronic demyelination in
contrast to the amplified OP response to acute demyelination
in C57Bl/6 (Fig. 3). Therefore, we examined the effect of
FGF?2 genotype on the density of OP cells and cycling cells
in the corpus callosum after chronic demyelination. FGF2
genotype did not appear to alter the OP population dynamics
of chronically demyelinated mice or age-matched non-
lesioned mice (Fig. 7). The density of OP cells, identified
by in situ hybridization for PDGFaR mRNA, was similar in
FGF2"" mice and FGF2™'~ mice (Fig. 7A). Somewhat
unexpectedly, mice of both FGF2 null and wild-type
genotypes, which are on a 129 Sv-Ev:Black Swiss genetic
background, exhibited an increase in OP cell density after
12 weeks of cuprizone that was not observed in C57Bl/6
mice (Fig. 3A). This strain difference in OP accumulation
after chronic demyelination corresponded with fewer oligo-
dendrocytes observed during the recovery period in FGF2"*
mice (Fig. 6) as compared with C57Bl/6 mice (Fig. 2).
Therefore, the FGF2 background appears to be even less
favorable than the C57Bl/6 background for OP differ-
entiation and oligodendrocyte regeneration, yet the detri-
mental effects of the chronic lesion environment can still
be overcome in the FGF2~'~ mice.

Ki-67 immunostaining (Fig. 7C) indicated that the
density of cycling cells in the corpus callosum was less than
20% of the density of OP cells, indicating a relatively low
level of ongoing proliferation. Cells with nuclear Ki-67
immunoreactivity were often observed as doublets, as
is appropriate for confirming detection of a cycling popu-
lation. The density of cells immunolabeled for Ki-67 nuclear
antigen increased in chronically lesioned corpus callosum
with a return to nonlesioned levels during the recovery
phase. The density of endogenous cells that were proliferat-
ing in the corpus callosum of FGF2~'~ mice was similar
to the values for FGF2*"" mice (Fig. 7B) and for C57Bl/6
mice (Fig. 3). The similarity of FGF2~'~ mice and FGF2*"*
mice in our analysis of OP cells and cycling cells indicates
that the dramatic differences observed in oligodendrocytes
and remyelination may result from a permissive effect
of FGF2 removal on OP differentiation into remyelinating
oligodendrocytes.

© 2006 American Association of Neuropathologists, Inc.

DISCUSSION

In MS lesions, an initial episode of transient demyeli-
nation may be followed by spontaneous remyelination.
However, remyelination typically fails with recurring or
chronic myelin damage. The current studies show the
advantages of the cuprizone model of chronic demyelination
for focusing on this compromised repair response. Impor-
tantly, our analysis in FGF2~'~ mice demonstrates that it is
possible to overcome chronic lesion effects on endogenous
oligodendrocyte lineage cells to increase remyelination.
More specifically, taken together with our previous work
(11, 12), our findings in FGF2~'~ mice indicate that
removing FGF2 inhibition of OP differentiation promotes
spontaneous remyelination from a depleted pool of endog-
enous progenitors that persists after chronic demyelination.

The current findings in C57Bl/6 mice are consistent
with previous reports of cuprizone treatment causing exten-
sive demyelination of the corpus callosum in this mouse strain
(13, 16, 24, 26). To take further advantage of this model for
examining mechanisms to promote remyelination from
endogenous cells, we have further characterized the endog-
enous oligodendrocyte lineage population responses during
the recovery period. We used C57B1/6 mice for this part of
our study to facilitate comparison with other studies, because
differences in mouse strain can influence the response to
cuprizone as well as overall cellular responses to CNS injury
(13, 27). After a transient episode of demyelination from 6
weeks of cuprizone ingestion, spontaneous remyelination is
effective throughout the corpus callosum. In contrast, after a
prolonged period of demyelination, from 12 weeks of
continuous cuprizone, the remyelination remains limited
and does not progress during a recovery interval that was
examined out to 6 weeks. This limited remyelination
corresponds with depletion of the OP pool ([16] current
study). However, the number of oligodendrocytes increases
somewhat during the recovery period without a correspond-
ing increase in remyelination of the corpus callosum.
Taken together, these findings indicate that the depleted
OP pool has a limited capacity to generate oligodendrocytes,
and available OP cells may fail to fully differentiate into
remyelinating oligodendrocytes in the environment of a
chronic lesion. In lesions of some MS cases, immature
oligodendrocyte progenitors and premyelinating oligoden-
drocytes may be present in relatively normal densities without
efficiently remyelinating (9, 28). Therefore, further studies
will be important for better understanding regulation of the
OP pool size and the transition of OP cells into premyelinat-
ing and then myelinating oligodendrocytes.

Robust OP proliferation in response to acute demy-
elination appears to be required for spontaneous remyelina-
tion (29). During acute demyelination, the OP pool is
dramatically amplified so that efficient differentiation into
mature oligodendrocytes may not be required for extensive
remyelination. PDGF-AA ligand, acting through PDGFaR
activation, is an important mitogen for this OP amplifica-
tion in response to acute cuprizone demyelination (11, 30). In
PDGFaR heterozygous mice, amplification of the OP pool
in response to acute cuprizone demyelination is compromised
and the corresponding generation of oligodendrocytes is
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reduced (11). Crossing these PDGFaR heterozygous mice to
FGF2™'~ mice actually increased oligodendroglial repopula-
tion of lesions after acute cuprizone demyelination (11).
Therefore, in both acute and chronic lesion environments,
FGF2 removal may promote the generation of oligodendro-
cytes from OP cells during remyelination.

Endogenous FGF2 has been predicted to contribute to
proliferation of neonatal and adult OPs, especially when
present in combination with PDGF-AA, based on in vitro
studies (31-33). In our current analysis, the densities of OP
cells and Ki-67-immunolabeled cells were similar between
FGF2 wild-type and null genotypes. These results are con-
sistent with our previous BrdU incorporation studies indicat-
ing that endogenous FGF2 is not a predominant mitogen for
OPs in the acute cuprizone model (11). However, subtle
changes in the proliferation rate among an asymmetrically
dividing OP pool could be relatively difficult to detect in a
small population of cells over a prolonged disease and
recovery course. FGF2 is also predicted to stimulate neural
stem cells in the subventricular zone (SVZ) to contribute to
repopulation of corpus callosum lesions (34). During the pro-
longed demyelination period of the current study, the con-
tribution of cells derived from the SVZ should have been
evident in the dynamics of the OP pool in the corpus callosum.
The lack of a detrimental effect of FGF2 absence on the OP
pool may indicate that FGF2 effects on the SVZ cells may
not be a significant contribution to the remyelination of the
overlying corpus callosum. However, more direct analysis of
the response of cells in the SVZ is required to make this
determination. In addition, endogenous elevation of FGF2 in
lesions may elicit specific effects that are not replicated with
in vivo methods of elevating exogenous FGF2 levels (34-37).

FGF2 is among the most effective neuroprotective
growth factors in diverse models of CNS injury, including
stroke, trauma, excitotoxicity, and axotomy (38, 39). In
contrast to this expected protective effect of FGF2 on
neurons, removal of endogenous FGF2 actually improved
regenerative parameters in lesions that involved remyelina-
tion. Improved regeneration of oligodendrocytes was
observed in FGF2~/~ mice after acute cuprizone demyeli-
nation of the corpus callosum and after murine hepatitis
virus strain A59 demyelination of spinal cord ([11, 12]
current study). In an example from the peripheral nervous
system, FGF2 knockout mice were used to prevent the
normal upregulation of FGF2 and FGF receptor (FGFR)
activation associated with Schwann cells and macrophages
at a site of sciatic nerve crush injury (40). Compared with
wild-type mice, the FGF2 knockout mice exhibited
improved myelination and increased axon diameter during
regeneration from sciatic nerve crush (40). These results
indicate that a detrimental effect of endogenous FGF2 on
remyelination may outweigh FGF2 protection from acute
axon damage in these lesion models. Indeed, the improved
remyelination in nerves of the FGF2 knockout mice may
provide significant protection of axons from damage sub-
sequent to the initial crush injury. Correlative support for a
similar role of FGF2 in a chronic autoimmune model of MS
can be found in a study of neural stem cell transplantation
improved into mice with experimental allergic encephalomye-
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litis (EAE) (41). The transplanted mice exhibited improved
remyelination, with a major contribution from endogenous
cells, and had less axonal loss in lesion areas. Neural stem cell
transplantation was also associated with a significant decrease
in FGF2 expression and reduced astroglial scar formation in
the EAE lesions. FGF2 levels may modulate scar formation in
demyelinated lesions because expression of FGF2 and FGFR1
corresponds with scarring, but not nonscarring, astroglial
responses after other forms of CNS injury (42).

It is not yet clear which FGFR type, or types, mediates
the effect of endogenous FGF2 in the context of demyelination
and remyelination. Differential effects of FGF2 at different
stages of the oligodendrocyte lineage may occur through
differential expression and activation of FGFR isoforms (43).
Oligodendrocyte lineage cell expression of high-affinity
FGFRs and coreceptors varies with developmental stage and
FGF2 exposure (44). Furthermore, expression of multiple
FGFR types is significantly increased in response to demyeli-
nation (19). FGF2 may also have differential effects based on
changing interactions with other signaling pathways that
regulate oligodendrocyte lineage differentiation and myelina-
tion such as Notchl (45, 46) and neuregulin (47, 48).
Interpreting a direct effect of FGF2 is complicated because
neurons and glial cells express multiple FGFR types within
and near demyelinated lesions (19). Therefore, future studies
will be required to identify the specific signaling components
mediating endogenous FGF2 signaling in the in vivo context
of demyelination and remyelination.

In MS lesions, the pathology is heterogeneous and the
effect on the oligodendrocyte lineage population varies
dramatically (49). Oligodendrocyte density is severely com-
promised in demyelinated lesions in some patients with MS.
Further studies are imperative to optimize regenerative
responses from immature oligodendrocyte lineage cell popu-
lations that have been observed in some MS lesions (9, 28).
Targeting inhibitory signals that are upregulated in lesions
should be a viable strategy for therapeutics to promote
differentiation as needed near lesions. FGF2 expression has
been reported in reactive astrocytes of acute and chronic MS
plaques (50). In addition, in cultures from adult human brain
white matter, FGF2 inhibited the differentiation of preoligo-
dendrocytes into oligodendrocytes (51). Strategies to promote
remyelination by attenuating FGF2 inhibition of OP differ-
entiation may take advantage of reagents to modulate FGF2
signaling, which are currently being developed for angio-
genesis and cancer treatments. In our in vivo analysis,
absence of FGF2 was not detrimental in the normal adult or
throughout the disease process. Therefore, inhibition of FGF2
signaling may be acceptable across demyelinating disease
stages, which would improve treatment feasibility in diseases
such as MS that have an unstable disease course. Treatments
to promote remyelination should be a valuable complement to
strategies that abrogate ongoing causes of demyelination such
as immunomodulatory therapies.
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