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Brief Communications

Remyelination Is Altered by Bone Morphogenic Protein
Signaling in Demyelinated Lesions

Jennifer K. Sabo,"? Tim D. Aumann,"? Daniel Merlo,? Trevor J. Kilpatrick,"> and Holly S. Cate'*
!Centre for Neuroscience and ?Florey Neuroscience Institutes, University of Melbourne, Parkville, Victoria 3010, Australia

Remyelination of the CNS involves the regeneration of mature oligodendrocytes by endogenous oligodendrocyte progenitor cells (OPCs).
Previous studies have shown that bone morphogenic proteins (BMPs) inhibit the production of oligodendrocytes in the healthy CNS.
However, there is currently no information on the influence of BMP signaling in vivo within demyelinated lesions of the brain or on
subsequent remyelination. Here, we determine a role for BMP signaling in modulating oligodendrogliogenesis and remyelination in the
brain following cuprizone-induced demyelination. We identified that BMP signaling is active in oligodendroglia and astrocytes within the
demyelinated corpus callosum. Intraventricular infusion of BMP4 into the brains of mice during demyelination increased the prolifer-
ation of OPCs and, to a lesser extent, microglia and astrocytes in the corpus callosum. In contrast, infusion of Noggin, an extracellular
antagonist of BMP4, increased the density of mature oligodendrocytes in the remyelinating corpus callosum. Additional evidence from
myelin staining and electron microscopy indicates there is an increase in remyelinated axons in the corpus callosum of Noggin-
infused mice. Thus, inhibition of endogenous BMP signaling during demyelination promotes mature oligodendrocyte regenera-

tion and remyelination.

Introduction

In demyelinating diseases of the CNS, axons lose their myelin
sheaths and consequently are vulnerable to degeneration. Apo-
ptosis of oligodendrocytes, the cells that produce the myelin
sheaths, is a key process in CNS demyelination (Barnett and Pri-
neas, 2004). Remyelination is a natural regenerative mechanism
whereby myelin sheaths are restored to the damaged axons, pro-
tecting them from further degeneration (Irvine and Blakemore,
2008). Studies using genetic lineage tracing in transgenic mice indi-
cate that oligodendrocyte progenitor cells (OPCs) are an endoge-
nous source of mature, myelinating oligodendrocytes in the healthy
adult CNS (Rivers et al., 2008) and that in animal models of demy-
elination resident OPCs generate remyelinating oligodendrocytes
within lesions (Zawadzka et al., 2010). In Multiple Sclerosis, OPCs
are present in lesions, but often remain quiescent (Wolswijk, 1998;
Kuhlmann etal., 2008). Therefore, enhancing OPC differentiation is
a promising strategy to promote remyelination in lesions.

Bone morphogenic proteins (BMPs) are secreted proteins that
form the largest subclass of the transforming growth factor-3
superfamily of cytokines. BMP2 and BMP4, which comprise one
subfamily of BMPs, bind to one of two type I signal-transducing
receptors (BMPRIa and BMPRIb) and one type I ligand binding
receptor (BMPRII) (Massagué, 1998). Phosphorylation of receptor-
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regulated SMAD1/5/8 is increased upon BMP ligand/receptor
formation and is indicative of BMP pathway activation (Mas-
sagué, 1998). OPCs and oligodendrocytes derived from the CNS
express BMP4 and all three BMP receptors (Kondo and Raff,
2004). Exogenous BMP4 inhibits OPC differentiation and pro-
motes astroglial differentiation in vitro (Grinspan et al., 2000).
Conversely, Noggin, an extracellular antagonist of BMP4 (Mas-
sagué, 1998), blocks the production of astrocytes by BMP4 when
applied to OPC cultures (Sim et al., 2006). These studies suggest
an inhibitory role for BMPs in OPC differentiation.

There is evidence that BMPs are regulated during demyelina-
tion. Within demyelinated lesions induced by ethidium bromide
in the brain, BMP4 expression is increased in OPCs and is absent
upon remyelination (Zhao et al., 2005). In an animal model of
multiple sclerosis, experimental autoimmune encephalomyelitis,
BMPs were upregulated in the demyelinated spinal cord, with
BMP4 expression being most abundant and increasing with en-
hanced clinical disease severity (Ara et al., 2008). The cellular
sources of BMP4 included macrophages, astrocytes and oligo-
dendrocytes within the lesions (Ara et al., 2008). While these
studies suggest a possible role for BMPs within demyelinating
lesions, the function of BMP signaling in demyelination and re-
myelination was not examined.

In this study, we report the effects of modulating BMP signal-
ing upon adult OPCs and astrocytes during demyelination and
remyelination in vivo. We show that BMP signaling is active in
OPCs and astrocytes within demyelinated lesions in the corpus
callosum (CC). Infusion of BMP4 increased the proliferation of
glial cells, predominantly OPCs, during demyelination. We fur-
ther show that infusion of Noggin increased the numbers of ma-
ture oligodendrocytes and enhanced remyelination in the CC
following cuprizone-induced demyelination.
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Figure 1.

Materials and Methods

Adult female C57BL/6 mice were used for all experiments according to
guidelines previously described (Cate et al., 2010). Cuprizone-mediated de-
myelination was induced as previously described (Cate et al., 2010). For
remyelination studies, mice were returned to normal chow for 1 week fol-
lowing cuprizone challenge. Recombinant human BMP4 or mouse Noggin
(R&D Systems) dissolved in artificial CSF (aCSF) at a dose of 400 ng per day
or aCSF was delivered into the lateral ventricle by mini-osmotic pumps
(ALZET, Durect Corporation) (model 1002, 14 d infusion, 0.25 ul/h
flow rate; model 1007, 5 and 7 d infusions, 0.50 ul/h flow rate) using
Brain Infusion Kit III as previously described (Cate et al., 2010). Mice
received 1 mg/ml 5-bromodeoxyuridine (BrdU) (Sigma-Aldrich) in

BMP signaling is active in oligodendroglial cells within demyelinating lesions. A, B, pSMAD1/5/8 and 0lig2 immu-
noreactivity in unchallenged and cuprizone-challenged mice. Merged images reveal colabeling of pSMAD1/5/8 and Olig2 within a
subset of cells in the CCof unchallenged and 6 week cuprizone-challenged mice. Arrows indicate double-positive cells. €, Timelines
(i-iv) forinfusion experiments detailed in Results. D, Inmunostaining of pSMAD1/5/8 in the CC of 14 d infused mice after 6 weeks
of cuprizone challenge. E, Quantification of the density of pSMAD1/5/8 * cells in the CC of 14 d infused mice after 6 weeks of
cuprizone challenge. n = 4—6 animals per group. *p << 0.05,*p << 0.01. Scale bars: B, D, 50 ym.
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their drinking water for 3 d during the infu-
sion as indicated in the experimental time-
lines (Fig. 1C).

Brain tissue was collected, cryosectioned, and
immunoprobed as previously described (Cate et
al., 2010) with the following additional antibod-
ies: BrdU (rat; AbD Serotec; 1:40), cleaved
caspase-3 (rabbit; Cell Signaling Technology;
1:200), platelet-derived growth factor « receptor
(PDGFRa) (rat; eBioscience; 1:500), oligo-
dendrocyte (clone RIP) (mouse; Millipore;
1:10,000), and ionized calcium-binding
adapter molecule 1 (IBA1) (rabbit; Wako
Pure Chemicals; 1:1000), or prepared for
electron microscopy using standard protocols.
For fluorescent myelin staining, sections were
incubated with FluoroMyelin (1:200; Invitro-
gen) for 1 h at room temperature.

All cell counts and area analyses were per-
formed blind to experimental treatment. Im-
munopositive cells and area measures were
quantified as previously described (Cate et al.,
2010) and data are expressed as mean value/
mm? * SEM. Images (20X) were taken from
three to six sections 50 wm apart for each ani-
mal atlocations between —0.46 mmand —1.22
mm bregma with the midline CC at the epicen-
ter and lateral borders determined by the image
width. Myelinated axons quantification was
performed on four 3000X images per animal.
Diameter measures of G ratios (the ratio of
axon diameter to the axon plus myelin sheath
diameter) were calculated using Image] soft-
ware for at least 400 fibers per animal. For
FluoroMyelin intensity analysis, images were
converted to grayscale and the mean gray value
of the midline CC was divided by the mean
gray value of the dorsal fornix.

Statistical tests were performed using
GraphPad Prism. One-way ANOVA with
Dunnett’s multiple-comparison test was used
for comparison between groups in 14 d infu-
sion experiments, two-way ANOVA with Bon-
ferroni’s post hoc test was used for distribution
of G ratios, and Student’s unpaired ¢ test was
used for all other comparisons.

Results

Demyelination within the corpus
callosum influences BMP signaling

We first investigated whether BMP signal-
ing is increased in the CC during demyeli-
nation. To undertake this analysis, we
used the cuprizone-induced demyelina-
tion model. We first confirmed that 6
weeks of cuprizone challenge induced
both demyelination within the CC (data
not shown) and a significant decrease in the number of Olig2 *
oligodendroglia in the CC (unchallenged 1962 + 111.3/mm?
cuprizone 685 * 81.4/mm?; p < 0.0001). In addition to oligo-
dendrocyte loss, there was recruitment of astrocytes and micro-
glia/macrophages in the CC (data not shown).

After 6 weeks of cuprizone challenge, there was enhanced
BMP signaling evidenced by an increased number of pSMAD1/
5/8 " cells (unchallenged, 109 + 9.28/mm?; cuprizone, 505 =
83.0/mm?; p < 0.01) (Fig. 1 A, B). The majority of pSMAD1/5/8 *
cells colabeled with Olig2 in unchallenged (91 * 4.2%) and
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cuprizone-challenged mice (54 = 3.1%)
with a significant increase in pSMAD1/5/
8 Olig2 ™ cells in cuprizone-challenged
mice (unchallenged 97 + 9.8/mm? cu-
prizone 257 = 42.5/mm? p < 0.05). In
addition, some pSMAD1/5/8 " cells ex-
pressed GFAP in unchallenged (4.4 *
1.6%) and cuprizone animals (21 =
6.6%). We found no GFAP " cells that ex-
pressed Olig2. To determine the substrate
for  future infusion experiments,
pSMAD1/5/8 " cells were assessed at 4
weeks of cuprizone challenge in the CC
and the subventricular zone (SVZ), and
similar numbers of positive cells were
present in the two locations (data not
shown). Thus, BMP signaling is increased
in cuprizone-induced demyelinated le-
sions and is active in the majority of oligo-
dendroglial cells and in a subset of
astrocytes.
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Modulation of BMP signaling during
cuprizone challenge alters glial

cell numbers

To determine the consequences of BMP
signaling modulation in the demyelinated
CC, we implanted mini-osmotic pumps
to deliver BMP4, Noggin or vehicle into
the lateral ventricles for the final 14 d of a
6 week cuprizone challenge (Fig. 1Ci).
Initially, we established that BMP4 infu-
sion increased and Noggin decreased
the number of pSMAD1/5/8 * cells in
the CC compared with vehicle infusion
(Fig. 1D, E). We also found that BMP4
infusion increased the density of pS-
MAD1/5/8 *Olig2 * cells ( p < 0.05) (ve-
hicle 169 * 36.0/mm? BMP4 334 = 42.3/
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mm?; Noggin 95 = 54/mm?). o

We next examined the consequences £
of BMP4 and Noggin infusion on the %500_
proliferation of oligodendroglial cells &
during cuprizone challenge. When mice g
were assessed after 6 weeks of cuprizone 3 2501
challenge (Fig. 1Ci), there was a signifi- 5
cant increase in the density of both * o

BrdU * and Olig2 * cells in the CC after
BMP4 infusion (BrdU *: vehicle 351 =
77.5/mm?* BMP4 856 = 123/mm?; p <
0.01; Olig2 *: vehicle 446 * 35.0/mm?;
BMP4 858 + 101/mm? p < 0.01). Nog-
gin infusion did not alter the density of
BrdU™ or Olig2™ cells. In addition,
BMP4-infused mice had increased
BrdU "Olig2 * double-labeled cells compared with vehicle-
infused mice, while there was no difference in Noggin-infused
mice (Fig. 2A,E). There was no difference in the density
of GFAP ™ cells in the CC among the three groups of mice
(Fig. 2C,F).

To assess the consequences of BMP4 and Noggin infusion on
recovery, we allowed an independent cohort of mice to recover
for 1 week following a 6 week cuprizone challenge (Fig. 1Cii). We

Figure 2.
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Modulation of BMP signaling during demyelination alters numbers of proliferating oligodendroglia and astrocytes.
A-D, Immunostaining of BrdU-0lig2 and GFAP in the CC of 14 d infused mice after 6 weeks of cuprizone challenge and 1 week of
recovery. Arrows indicate double-positive cells. £, F, Quantification of the density of BrdU *0lig2 * cellsand GFAP * cellsin the (C
of 14 d infused mice after 6 weeks of cuprizone and 1 week of recovery. n = 4 — 6 animals per group. *p << 0.05,**p << 0.01. Scale

identified a significant increase in the density of BrdU* and
Olig2 " cells in the Noggin-infused mice compared with vehicle
(BrdU *: vehicle 430 = 55.9/mm* Noggin 741 * 83.9/mm?; p <
0.05; Olig2 *: vehicle 632 + 147/mm? Noggin 1081 = 30.79/
mm?; p < 0.05). There was no significant difference in the density
of BrdU * and Olig2 " cells between BMP4 and vehicle. However,
we found an increase in the density of BrdU *Olig2 © double-
labeled cells in the Noggin-infused mice (Fig. 2B, E). To deter-
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mine whether the reduction of BrdU "Olig2 " double-labeled
cells (between assessments at 6 weeks of cuprizone and 1 week
recovery) in the BMP4-infused mice was due to migration of
these cells from the midline to the lateral CC, we extended the
analysis to the lateral CC at 1 week recovery. However, we
found no difference in the density of BrdU *Olig2 * double-
labeled cells in the lateral CC (vehicle 169 *+ 42.8/mm?; BMP4
99 + 24/mm?; Noggin 244 = 21.7/mm? p = 0.12). When we
examined astrocytes at 1 week of recovery, we found an in-
crease in the density of GFAP " cells in the BMP4-infused mice
within the CC, while there was no change in the Noggin-
infused mice (Fig. 2D, F). Together, these data indicate that
BMP4 infusion during demyelination increases OPC num-
bers, however, following recovery from cuprizone challenge,
these BrdU-positive cells are decreased and astrocyte numbers
are increased. The data suggest that Noggin infusion during
demyelination results in an increase in oligodendroglia during
the recovery phase.

Short-term infusion of BMP4 during demyelination increases
proliferation of glial cells

Given the increased proliferation following 2 weeks of BMP4
infusion, we investigated whether short-term BMP4 infusion
would have similar consequences. To expedite this, mini-osmotic
pumps were implanted after 4 weeks of cuprizone challenge,
and mice were examined after a 5 d infusion with continued
cuprizone challenge (Fig. 1Ciii). Short-term infusion of BMP4
increased BMP signaling as determined by pSMAD1/5/8 immu-
nostaining (vehicle 323 = 42.9/mm?; BMP4 563 + 70.7/mm?;
p < 0.05) and increased the density of pSMAD1/5/8 *Olig2 ™
cells (vehicle 128 = 21.8/mm? BMP4 326 * 56.2/mm? p <
0.05). Consistent with the 14 d BMP4 infusion, we found a
significant increase in the density of BrdU "Olig2 * double-
labeled cells compared with vehicle infusion (Fig. 3A,D).
Characterization of these Olig2 cells revealed they were of the
oligodendroglial lineage and all either expressed CC1, a ma-
ture oligodendrocyte marker, or PDGFRa, a marker for OPCs.
There was a significant increase in Olig2 "PDGFRa * cells in
BMP4-infused mice (vehicle 97 * 8.9/mm?; BMP4 309 *
74.3/mm?; p < 0.05).

Following short-term BMP4 infusion, the Olig2 * cells repre-
sented 54 * 7.9% of the BrdU " population, in contrast to 14 d
BMP4 infusion where 80 = 7.3% of BrdU * cells were Olig2 ™.
Therefore, we examined the proliferation of astroglia and micro-
glia in the CC of short-term infused animals. We found a signif-
icantincrease in the density of BrdU "IBA1 " and BrdU "GFAP *
cells (Fig. 3B—D). BMP4 infusion significantly increased the den-
sity of IBA1 " microglia/macrophages (vehicle 1278 *+ 175.3/
mm?; BMP4 2762 = 204.9/mm?; p < 0.01), while the density of
GFAP ™ cells was unchanged (vehicle 254 * 15.5/mm?; BMP4
313 * 45.5/mm? p=0.26). Thus, short-term BMP4 infusion in-
creased the proliferation of glial cells during cuprizone-induced
demyelination.

In addition, we performed caspase-3 immunostaining in the
brains of mice subjected to short-term infusion. We found that
there was a strong trend toward an increase in caspase-3 * cells in
the CC of BMP4-infused mice (p = 0.09) (vehicle 3.6 = 0.8/
mm?; BMP429 * 11/mm?; Noggin 8.7 = 2.9/mm?). These data
would suggest that exogenously administered BMP4 is inducing
apoptosis in this model.
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Figure 3.  Short-term infusion of BMP4 during demyelination increases the proliferation of

0PCs, microglia and astrocytes. A-D. Immunostaining and quantification of the density of
BrdU " 0lig2 *, BrdU "IBA1 ™, and BrdU * GFAP * cells in the CC after 5 d of either vehicle or
BMP4 infusion. Arrows indicate double-positive cells. n = 4 -5 animals per group. *p < 0.05.
Scale bar, 50 pm.

Noggin infusion during demyelination results in an increase
in the number of mature oligodendrocytes in the corpus
callosum

Given that exogenous delivery of Noggin for 14 d resulted in an
increase in the density of Olig2 * cells at 1 week of recovery, we
next examined whether there was an increase in mature oligoden-
drocytes in these mice. We found that Noggin infusion signifi-
cantly increased the density of mature oligodendrocytes that
expressed both Olig2 and CCl1 at 1 week of recovery (Fig. 44, B).
We also evaluated the numbers of cells with BrdU incorporation
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that differentiated into oligodendrocytes.
BrdU*CC1 ™ cells were significantly in-
creased in Noggin-infused mice com-
pared with vehicle (p < 0.05) (vehicle
69 = 23/mm? Noggin 162 = 17.1/mm?
BMP4 9 + 5/mm?). Thus, Noggin infu-
sion during demyelination results in an
increase in the number of mature oligo-
dendrocytes during recovery from cupri-
zone challenge.

Noggin infusion during demyelination
enhances remyelination in the

corpus callosum

For analysis of myelination, we first per-
formed immunostaining with the RIP an-
tibody, which labels the myelin protein,
2',3"-cyclic nucleotide 3’-phosphodieste-
rase (CNPase) (Watanabe et al., 2006). At
6 weeks of cuprizone, the three groups of
14 d infused mice displayed similar levels
of RIP immunostaining (Fig. 4C). To fur-
ther analyze myelination within the CC,
we quantified FluoroMyelin intensity,
which revealed no significant difference in
the infused mice (vehicle: 0.31 * 0.05;
BMP4: 0.36 = 0.01; Noggin: 0.34 = 0.02;
p = 0.56). In contrast, after 1 week of re-
covery, we found that the intensity of RIP
immunostaining was greater in vehicle- and
Noggin-infused animals than in BMP4-
infused mice (Fig. 4C). On the other hand,
at the 1 week recovery time point, Fluoro-
Myelin intensity was significantly greater
among Noggin-infused as opposed to
vehicle-infused mice (Fig. 4 D).

We further interrogated the effects of
Noggin on remyelination by performing
an additional infusion experiment with
vehicle or Noggin infusion for the final 7d
of a 6 week cuprizone challenge followed
by 1 week of recovery (Fig. 1Civ). There
was an increased number of Olig2 "CC1 ™
cells in Noggin-infused mice (vehicle
584 *+ 99.7/mm?* Noggin 1066 + 83.00/
mm?; p < 0.05), which is consistent with
the 14 d infusion experiment. We next ex-
amined the ultrastructure of the caudal
CC by electron microscopy and found an
increase in the density of myelinated ax-
ons in the Noggin-infused mice (Fig.
4E,G). In addition, the average G ratio of
the myelinated axons was increased in the
Noggin-infused mice compared with ve-
hicle (Fig. 4F), suggesting an increase in
thinly myelinated axons. We also assessed
the distribution of G ratios among the
myelinated axons of the vehicle-infused
mice and the three Noggin-infused mice
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Figure4. Noggin-infused mice have increased numbers of mature oligodendrocytes and remyelinated axons following recov-
ery from cuprizone-induced demyelination. 4, B, 0lig2-CC1 immunostaining and quantification in the CC of 14 d infused mice after
1week of recovery. Arrows indicate double-positive cells. , Representative images of RIP immunostaining in the CCof 14 d infused
mice. Lines indicate dorsal and ventral borders of the CC. D, Quantification of the mean relative FluoroMyelin intensity in the CC of
14 d infused mice after 1 week of recovery. E-H, Ultrastructural analysis of the CC of 7 d vehicle- and Noggin-infused mice after 1
week of recovery. Quantification of the density (E) and average G ratio (F) of myelinated axons. G, Representative electron
micrographs of the caudal CC. H, Number of axons per Grratio value. n = 3—4animals per group. *p << 0.05;**p << 0.01. Scale bar:
(inA)A, ¢ 50 um; G, 1 pm.

that had increased numbers of myelinated axons. There was a  indicative of thinner myelin sheaths, a feature of remyelinated
similar number of axons with low G ratios from vehicle- and  axons (Fig. 4 H). In conclusion, these results suggest that Nog-
Noggin-infused mice; however, in Noggin-infused mice, there was ~ gin infusion enhances remyelination following cuprizone-
an increase in the number of axons with high G ratios, which are  induced demyelination.
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Discussion

In this study, we identified that BMP signaling is active in OPCs
and astrocytes within the demyelinated CC following cuprizone
challenge. We found that BMP4 infusion increased the numbers
of OPCs during demyelination. However, following recovery
from cuprizone challenge, oligodendroglia are decreased and as-
trocyte numbers are increased in BMP4-infused mice. Infusion of
the BMP4 antagonist, Noggin, increased the number of mature
oligodendrocytes and remyelination following recovery. Collec-
tively, these results suggest that downregulating endogenous
BMP signaling during myelin injury could have a beneficial in-
fluence on repair given that Noggin infusion increased numbers
of mature oligodendrocytes and enhanced remyelination.

There is evidence for a dichotomous role of BMPs in affecting
cell proliferation. Prior in vitro studies have reported that BMPs
decrease the proliferation of embryonic and adult neural precur-
sor cells (for review, see Sabo et al., 2009). In contrast, BMPs
promote the proliferation of rat primary osteoblastic cells (Selva-
murugan et al., 2007). In addition, recent work from our labora-
tory has shown that exogenous BMP4 increased the proliferation
of adult SVZ neural precursor cells under differentiative condi-
tions in vitro (Cate et al., 2010). We show here for the first time
that BMP4 infusion increased the proliferation of OPCs and, to a
lesser extent, microglia and astrocytes in the demyelinated CC in
vivo. These data would suggest that exogenous BMP signaling
could play a favorable role during demyelination since BMP4
infusion increased the pool of OPCs within demyelinated lesions.

Interestingly, however, we found a decrease in oligodendro-
glia numbers by 1 week of recovery in BMP4-infused mice. A key
question that emerges therefore is the fate of the BrdU *Olig2 *
cells in the BMP4-infused mice between 6 weeks of cuprizone
challenge and 1 week of recovery. At 1 week of recovery, we
observed a reduction in BrdU " cells and we found no BrdU "
cells that expressed GFAP, suggesting that the OPCs did not dif-
ferentiate into astrocytes. Furthermore, our analysis of the lateral
CC, demonstrating no change in the density of OPCs, suggests
that the OPCs did not migrate from the midline CC. Rather, our
data showing an increase in the density of caspase-3 * cells sug-
gests that delivery of BMP4 promoted apoptosis in vivo, which
could contribute to the lack of OPCs following recovery from
cuprizone challenge.

Our results support a role for Noggin in promoting remy-
elination after central demyelination. Noggin expanded the
population of oligodendroglia during recovery from cuprizone-
induced demyelination. In our experimental paradigm, BrdU
was administered at the end of cuprizone challenge and, at 1 week
of recovery, we observed an increase in the number of BrdU™*
cells that expressed Olig2 and CCl1 in the CC of Noggin-infused
compared with vehicle-infused mice. Given that cuprizone chal-
lenge increased the number of pSMAD1/5/8 * cells in the CC, and
that this population (present in the CC at the 4 week time point)
is decreased with subsequent Noggin infusion, our study suggests
that Noggin acts on cells resident in the CC. Thus, our data are
consistent with there being enhanced differentiation of resident
OPCs in Noggin-infused mice. Jablonska et al. (2010) found that
infusion of Chordin, a BMP antagonist with slightly lower affinity
for BMP4 than Noggin (Piccolo et al., 1996), induced the differ-
entiation of DCX-expressing cells of the adult SVZ into oligoden-
drocytes in lysolecithin-demyelinated CC. Thus, the combined
data suggest that both inhibitors of BMP signaling (i.e., Chordin
and Noggin) can increase the production of oligodendrocytes in
vivo in the context of demyelination and that infusion of these
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substances are likely to have composite effects within the SVZand
the demyelinated lesion.

Successful remyelination not only depends on OPC prolifer-
ation, but also requires OPC survival and differentiation into
myelinating oligodendrocytes. At 6 weeks of cuprizone ingestion,
there is endogenous OPC proliferation within the demyelinated
CC, which we observed in our vehicle-infused mice. Upon with-
drawal of cuprizone from the diet of mice, OPCs differentiate
into myelinating oligodendrocytes and remyelination occurs
(Mason etal., 2000). We found augmented remyelination follow-
ing Noggin infusion that could be due to increased OPC survival
or differentiation into mature oligodendrocytes. Similarly, Izrael
et al. (2007) observed increased myelination in vivo when they
transplanted Noggin-treated human embryonic stem cell-
derived OPCs in myelin-deficient shiverer mice. While there are
caveats to quantifying remyelination in the CC due to the small
diameter of axons (Stidworthy et al., 2003), we provide evidence
in Noggin-infused mice that there is an increase in the density of
myelinated axons and a greater proportion with higher G ratios,
which are indicative of thinner myelin sheaths, a feature of remy-
elinated axons. Therefore, our finding of an increase in thin my-
elinated axons in Noggin-infused mice could be attributed to an
increase in the number of remyelinated axons compared with the
vehicle-infused mice.

In summary, the results in our study indicate an important
role for BMP signaling in modulating oligodendrogliogenesis
and remyelination. We have shown that exogenous BMP signal-
ing transiently increases the proliferation of glial cells that are
rapidly cleared following recovery from a demyelinating insult.
Furthermore, inhibiting endogenous BMP signaling during de-
myelination promoted mature oligodendrocyte regeneration and
myelin repair. Given that BMPs are expressed in demyelinating
lesions in humans (Deininger et al., 1995), our findings identify a
potential therapeutic target to enhance repair from demyelinat-
ing disease.
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