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Abstract

Bone morphogenetic proteins have been implicated in the development of oligodendrocytes and
astrocytes, however, a role for endogenous BMP signaling in glial development has not been
demonstrated in a genetic model. Using mice in which signaling via type | BMP receptors Bmprla
and Bmpr1b have been inactivated in the neural tube, we demonstrate that BMP signaling contributes
to the maturation of glial cells in vivo. At PO, mutant mice exhibited a 25-40% decrease in GFAP+
or S100pB+ astrocytes in the cervical spinal cord. The number of oligodendrocyte precursors and the
timing of their emergence was unchanged in the mutant mice compared to the normals, however
myelin protein expression and mature oligodendrocyte numbers were significantly reduced. These
data indicate that BMP signaling promotes the generation of astrocytes and mature, myelinating
oligodendrocytes in vivo but does not affect oligodendrocyte precursor development, thus suggesting
tight regulation of BMP signaling to ensure proper gliogenesis.

Introduction

The development of oligodendrocytes, the myelinating cells of the CNS, is controlled by
inductive and repressive extracellular signals secreted in locally restricted regions. These
signals regulate specification as well as cellular processes such as proliferation, migration,
survival, differentiation, and myelin production. Oligodendrocytes initially appear as
oligodendrocyte precursor cells (OPCs) that first originate from the ventral ventricular zone
which lies dorsal to the floor plate (Ono et al., 1995;Pringle and Richardson, 1993). The
expression of sonic hedgehog specifies the ventral location and induces the expression of
transcription factors, such as Oligl and 2, necessary for oligodendrocyte specification and
development (Lu et al., 2002;Lu et al., 2000;Zhou and Anderson, 2002;Zhou et al., 2000).
Inhibitors of oligodendrocyte development in the roof plate have been hypothesized to repress
OPC formation in the dorsal neural tube (Wada et al., 2000). Mounting evidence exists,
however, for an additional dorsal contribution of oligodendrocytes arising later than the ventral
one (Cai et al., 2005;Kessaris et al., 2006;Vallstedt et al., 2005).

Bone morphogenetic proteins (BMPs), members of the TGFp family of signaling molecules,
have numerous functions in nervous system development (for reviews see (Chen et al.,
2004;Fukuda and Taga, 2005). Several BMP proteins expressed in roof plate regulate the
specification of dorsal neuronal cell types (Panchision et al., 2001; Timmer et al., 2002). BMPs
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have also been hypothesized to regulate the development of both oligodendrocytes and
astrocytes. In vitro, addition of BMPs to culture systems promotes astrogliogenesis and inhibits
oligodendrogliogenesis (Grinspan et al., 2000;Mabie et al., 1997;See et al., 2004). In vivo,
application of BMPs in developing spinal cord decreases the number of differentiated
oligodendrocytes (Mekki-Dauriac et al., 2002;Miller et al., 2004). Transgenic mice that
overexpress BMP4 exhibit both decreased oligodendrogenesis and increased astrogliogenesis
(Gomes et al., 2003;Mekki-Dauriac et al., 2002;Miller et al., 2004). However, these
experiments do not address whether endogenous levels of BMP signaling are involved in glial
development in vivo.

To investigate the role of endogenous BMP signaling in glial development, we have used
mutant mouse pedigrees in which BMP receptor signaling has been genetically eliminated in
the neural tube. BMPs signal through serine-threonine kinase receptors composed of Type |
and Type Il receptor subunits (for review, see von Bubnoff and Cho, 2001). Studies presented
here use Bmpr double knockouts that are functionally null for two BMP type | receptor genes,
Bmprla and Bmprilb, in the neural tube by E10.5 (Ahn et al, 2001,Wine-Lee et al, 2004).

We assessed the role of BMP signaling in astrocyte and oligodendrocyte development by
comparing cervical spinal cord sections from normal and Bmpr double knockout mice. As
expected, the numbers of astrocytes expressing either glial fibrillary acidic protein or S1003
in the double knockout animals was decreased 25-40% by PO compared to the normal animals.
Surprisingly, the number of oligodendrocyte precursors and their distribution was unaffected
in the Bmpr double knockout spinal cords. However, the cords exhibited significantly reduced
numbers of cells labeling with myelin protein markers and galactocerebroside at PO. These
data indicate that BMP signaling supports astrogliogenesis and oligodendrocyte maturation
but does not appear to be required for OPC generation.

BMP signaling in the oligodendrocyte lineage is disrupted in Bmpr double knockout animals

To characterize the role of BMP signaling during gliogenesis, we have used a mouse mutant
in which signaling via BMP type | receptors has been abrogated in the neural tube (Wine-Lee
et al, 2004). In these mutants, a floxed allele of the Bmprla gene has been functionally
inactivated using the Bcre-32 transgenic allele. In the Bcre-32 transgenic pedigree, Cre
recombinase is expressed in the overwhelming majority of neural tube ventricular cells, thereby
efficiently eliminating Bmprla gene function in all cell types in the spinal cord and hindbrain
(Ahn et al, 2001,Wine-Lee et al, 2004). Bmpr1b gene function is eliminated using a classical
knockout (Yi et al., 2000). Previously, it has been demonstrated that these Bmpr double
knockout embryos completely abrogate BMP signaling in the neural tube, as evidenced by the
complete loss of Smad1, 5 and 8 phosphorylation (Wine-Lee et al., 2004). In addition, these
animals exhibit a complete loss of dorsal progenitor cells, dp1, as demonstrated by a loss of
Math1 expression and a subsequent loss of DI1 interneurons. Additionally, there is a reduction
in the number of DI2 interneurons and a dorsal expansion of the DI3 and DI4 population
(Wine-Lee et al, 2004).

To determine that BMP signaling in OPCs was completely disrupted in the oligodendrocyte

lineage of double mutant animals, we cultured brains from normal and Bmpr double knockout
mice at PO as described (see methods). Cultures of OPCs were treated with 50ng/ml BMP4 for
24 hours or left untreated. We then examined downstream signaling to Smad proteins. Cultures
were immunolabeled with antibodies which recognize the phosphorylated form of Smads 1, 5
and 8 and to A2B5, a surface ganglioside that labels oligodendrocyte precursor cells (LeVine
and Goldman, 1988). Oligodendrocytes from normal animals exhibited low levels of phospho-
Smad labeling in control conditions and extensive nuclear phospho-Smad labeling when treated
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with BMP (Figure 1 A-D). The double knockout cultures, however, exhibited no phospho-
Smad labeling in control or BMP-treated conditions, indicating that BMP signaling through
R-Smads was eliminated by disruption of both Bmprla and Bmprlb. Double immunolabeling
with antibody to PDGFRa and phospho-Smad gave the same results (data not shown).
Treatment of the cells with BMP4 for 1 hour gave the same results (data not shown). The low
level of phospho-Smad labeling seen in untreated cultures from normal animals may reflect
autocrine signaling, because oligodendrocyte lineage cells themselves express BMPs (Kondo
and Raff, 2004, Zhang and Grinspan, unpublished).

To further confirm that BMP signaling was completely disrupted in the oligodendrocyte lineage
in double mutant animals, we investigated whether BMP4 was able to inhibit oligodendrocyte
differentiation or induce type Il astrogliogenesis of OPCs from double mutant animals, both
well-known effects of BMPs on cultured OPCs (Grinspan et al., 2000;Mabie et al., 1997).
Cultures from normal and Bmpr double knockout animals were placed in differentiation
medium and treated with 50ng/ml BMP or left untreated for two days. Cells were labeled for
galactocerebroside (GalC), a marker of oligodendrocyte differentiation and for glial fibrilary
acidic protein (GFAP), an astrocyte structural filament (Figure 1 E-L). BMP-treated cultures
from normal animals did not express Gal C but showed a large increase in the number of GFAP
+ cells (203% = 57%), as previously shown for BMP treatment of rat OPC cultures (Grinspan
etal., 2000a). BMP-treated cultures from Bmpr double knockout animals treated with the same
regimen demonstrated no increase in the number of GFAP+ cells and 50% of the cells expressed
GalC after 2 days in differentiation medium. Thus OPCs from Bmpr double knockout mice do
not respond to BMP.

These data demonstrate that disruption of BMP signaling in the neural tube via Cre-mediated
recombination abolishes both the immediate downstream signaling through BMP receptors
and the well-studied effects of BMP treatment on the oligodendrocyte lineage in vitro.

Disruption of BMP signaling decreases astrogliogenesis

Addition of BMPs, both in vitro and in vivo, has been shown to increase numbers of astrocytes,
while decreasing oligodendrogliogenesis. These results suggest that BMP signaling promotes
astrogliogenesis, but do not rigorously demonstrate that BMP signaling is required for
astrogliogenesis. To address this issue, we investigated the extent of astrocyte development in
normal and Bmpr double knockout mice. Because the double knockout mice die at PO, we have
chosen to study the area of the CNS that would exhibit the greatest amount of myelin protein
expression at this time point, the cervical spinal cord. Immunolabeling of PO cervical spinal
cord with anti-GFAP revealed a decrease in mature astrocytes in double mutant animals (Fig
2). Cervical spinal cord sections were found to contain 50% fewer GFAP+ cells than those
from normal animals (p<0.003). In addition, immunoblotting revealed a similar decrease in
GFAP expression in double mutant spinal cord when compared to GFAP expression in normal
animals. These data indicate that BMP signaling promotes the development of at least some
populations of astrocytes, but it is unclear how or at what stage in astrocyte development BMP
signaling operates.

Because Smads have been shown to bind directly to the GFAP promoter (Nakashima et al.,
1999), we wanted to determined that the double mutant animals were actually lacking in
astrocytes and not just in expression of GFAP. We labeled sections with an antibody to
S100B, a slightly earlier marker of astrogliogenesis (Ghandour et al., 1981) and saw a trend
towards a decease in the Bmpr double knockout spinal cord sections (Figure 3). Cell counts of
S100p+ cells in Bmpr double knockout spinal cords from 5 litters were decreased 25% as
compared to wildtype but the variability was extremely high and the statistical significance
was not achieved. Recently, S100p expression has been observed in oligodendrocyte lineage
cells as they transition from OPCs to mature oligodendrocytes (Deloulme et al., 2004;Hachem
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et al., 2005) and could potentially account for some of the S100p labeling we see, increasing
the variability. However, the S100p staining in our sections is almost exclusively in the grey
matter and lateral white matter tracks whereas the maturing oligodendrocytes appear in the
ventral and dorsal- most white matter.

The decrease in number of astrocytes could be due to decreased proliferation or increased cell
death. To determine the extent of astrocyte proliferation in the absence of BMP signaling, we
double labeled with antibodies to phospho-histone 3. a marker of mitosis, beginning in the
G» phase (Hendzel et al., 1997), or Ki67, a marker of the S, G2 and M phases of the cell cycle
(Gerdes et al, 1984) and GFAP. There was no difference in the number of double labeled cells
in both the normal and double knockouts, suggesting that altered proliferation at PO is not
responsible for the lack of astrocytes in double knockout animals (data not shown).

To determine whether cell death is responsible for the decrease in astrocytes in the absence of
BMP signaling, we performed the TUNEL assay in addition to GFAP labeling on normal and
Bmpr spinal cord sections. Although the number of TUNEL+ cells per section was small,
TUNEL labeling was increased at least three fold in the Bmpr double knockouts, however only
rare GFAP+ cells in either the double knockouts or the normals were also TUNEL+ (Figure
4). We then labeled sections from the same animals with antibody to caspase 3 and GFAP,
because dying GFAP+ cells may be more apparent using this slightly earlier cell death marker.
There was no difference between the number of caspase 3+/GFAP+ cells in normal when
compared to double mutant animals (Figure 4). These data suggest that astrocyte survival is
unlikely to require BMP signaling, but that the decrease in astrocytes may be the result of
diversion from the astrocyte lineage.

Disruption of BMP signaling in neural tube decreases oligodendrogenesis

To determine the extent of oligodendrocyte development in normal and double mutant animals,
we immunolabeled the myelin proteins, MBP and PLP, in cervical spinal cord sections of
normal and double mutant animals at PO. In normal animals, the expression of MBP and PLP
at this early time point is primarily concentrated in peripheral ventral spinal cord and in a small
area of medial dorsal spinal cord at PO (Figure 5). In Bmpr double mutant animals, however,
MBP and PLP expression was significantly reduced. To count PLP+ cells, we visualized the
sections by fluorescence microscopy and counted only those cells in which a DAPI+ nucleus
was visible surrounded by labeled cytoplasm and processes. The number of PLP+ cells was
decreased an average of 56% (p< 0.008) in the Bmpr double knockout animals compared to
the normal animals (Figure 5). Confirmation of this result via Western blot showed a 74+11.7%
decrease in MBP expression using spinal cords from Bmpr double knockouts from three
separate litters. These surprising results demonstrate a significant decrease in the number of
fully mature oligodendrocytes in the absence of BMP signaling, suggesting that BMP signaling
contributes to oligodendrocyte development. Since a reduced number of mature
oligodendrocytes are present at PO in the double knockouts, BMP appears not be absolutely
required for their formation.

The first step in oligodendrocyte differentiation is classically defined by the expression of the
surface antigen GalC, whereas myelin protein expression occurs as much as several days after
GalC expression (Grinspan et al., 1993). To determine at which stage BMP signaling was
acting, we immunolabeled vibratome sections of spinal cords from pairs of Bmpr double
knockout and normal mice for GalC. We found a significant decrease of 37% (p<0.05) in GalC
labeling in the double knockouts as compared to the normals (Figure 6). This is somewhat less
than the decrease in myelin proteins, suggesting that some proportion of cells in the Bmpr
double knockout spinal cords are able to express Gal C but not progress to myelin protein
expression.
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These results demonstrate that the presence of functional BMP receptors and BMP signaling
contributes to the development of mature oligodendrocytes.

Disruption of BMP signaling does not affect oligodendrocyte precursors

The decrease in mature oligodendrocytes in double mutant animals may reflect a role for BMP
signaling in formation of oligodendrocyte precursors. To investigate this possibility, we labeled
PO spinal cord sections from normal and double mutant animals with the O4 antibody which
recognizes the POA antigen, and is expressed in the late precursor period through maturation
(Bansal et al, 1992). Cells were counted as positive when they contained a DAPI+ nucleus
surrounded by a rim of O4+ cytoplasm. The numbers of O4+ cells in the cervical spinal cords
of the normal and double knockout animals did not differ significantly (Figure 7). To mark the
entire precursor stage, we used antibody against PDGFRa, (Grinspan and Franceschini,
1995;Hall et al., 1996;Pringle and Richardson, 1993). Counts of PDGFRa+ cells in cervical
spinal cord revealed no difference in the number of PDGFRo+ cells between normal and double
mutant animals (Figure 8). Similar studies using antibody to NG2, another marker of
oligodendrocyte precursors in neonatal animals, also showed no difference in the number of
precursors between double knockouts and normals (data not shown).

The paucity of mature oligodendrocytes in the double knockout animals may represent a delay
in oligodendrogenesis rather than a block of oligodendrocyte development. To investigate this
possibility, we immunolabeled cryosections of 12.5 dpc, 13.5dpc and 15.5dpc Bmpr double
knockout and normal embryos for PDGFRa, which labels OPCS. At 12.5, PDGFRa cells could
not be identified in either normal or Bmpr double knockout animals (data not shown). At
13.5dpc, we observed PDGFRa. labeling near the ventral midline of the subventricular zone in
both normal and double knockout embryos, suggesting that OPCs are generated at the
appropriate time point even in the absence of BMP signaling (Figure 8). At 15.5dpc, there was
no difference between normal and Bmpr animals in the number or distribution of PDGFRa+
cells (79+3 cells per section and 75.5+3 cells per section, respectively, P<0.4, Figure 8). These
results demonstrate that BMP signaling does not alter the timing of OPC emergence or the
numbers of OPCs generated. BMP signaling during oligodendrocyte development may only
play a role in differentiation and myelin formation.

BMP signaling and oligodendrocyte proliferation and cell death

A decrease in myelin protein expression without a change in the number of OPCs suggests
several possibilities. There could be a change in the rate of OPC proliferation. To determine
the extent of oligodendrocyte precursor proliferation in normal and double mutant animals at
PO, we double-labeled cryosections with phospho-histone 3 antibody and with an antibody to
PDGFRa. The number of phospho-histone 3+/ PDGFRa+ cells was the same in normal and
double mutant animals (5.8 £+ 1.2 cells/section versus 4.6 + 1.6 cells per section, p=0.573 for
sections from 4 normal and 4 double knockout animals from 4 litters). Labeling for the Ki-67
protein gave us the same results (data not shown). Labeling of embryonic sections at E13.5
and E15.5 with both phosphohistone 3 and Ki67 also did not show significant differences
between normal and double mutant animals (supplemental figure 1). This indicates that
decreased myelination in double mutant animals is not the result of altered precursor
proliferation.

An increase in cell death before or during differentiation could also account for the lack of
mature oligodendrocytes despite a full complement of OPCs in the double knockout animals.
Maturing oligodendrocytes are highly susceptible to programmed cell death in the absence of
survival cues. To determine whether cell death occurs in the absence of BMP signaling in the
oligodendrocyte lineage, we measured apoptosis by the TUNEL assay and labeling for
PDGFRa, PLP, and Olig2 in spinal cords from PO Bmpr and normal mice. We also labeled
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with antibody against activated caspase 3 and PDGFRa or O4. Virtually none of the
oligodendrocyte lineage cells identified with any of the markers showed TUNEL or caspase
labeling in normal or double knockout animals (Figure 4b and supplemental figure 2). This
suggests that the lack of oligodendrocytes expressing myelin proteins cannot be accounted for
by apoptosis using these methods. Because we had identified an overall increase in TUNEL
labeling, we also double labeled spinal cord sections from the double knockouts and normals
with caspase 3 and NeuN to rule out neuronal cell death (data not shown), only occasional
NeuN+ cells also labeled with caspase and there was no difference between the normals and
mutants.

Oligodendrocytes from double knockout animals are able to express myelin proteins in

culture

The significant decrease in the number of cells expressing myelin proteins in the double
knockout animals could reflect either a block to differentiation or a developmental delay.
However, the double knockout animals die shortly after birth so we can only assess the early
stages of myelination in vivo in these animals. To compensate for this, we cultured
oligodendrocytes from normal and Bmpr double knockout animals and determined whether
myelin proteins were produced. After 4 days of incubation in differentiation medium, cells
cultured from either the normal or knockout animals expressed both PLP and MBP with
extensive labeling of cell processes (Figure 9). Cell counts showed that the percentage of GalC
+ and PLP+ cells did not differ statistically in cultures from the normal and Bmpr double
knockout animals (Figure 9). Thus expression of myelin proteins can be rescued by in vitro
conditions.

Discussion

We investigated the role of BMPs during gliogenesis in the developing spinal cord. Using
mutant mice in which both Bmpr 1a and Bmpr 1b have been inactivated in the neural tube by
10dpc, we show a significant decrease in the number of mature astrocytes. Though the number
of OPCs is normal, a reduction in oligodendrocyte differentiation and myelin protein
expression was observed at PO. Thus, disruption of BMP signaling in the spinal cord does not
appear to affect OPC generation but does result in decreased or delayed oligodendrocyte and
astrocyte development, suggesting that BMP signaling contributes to proper gliogenesis.

The decreased expression of the astrocyte marker, GFAP, demonstrates that disruption of BMP
signaling results in decreased astrogliogenesis in mouse spinal cord. A slightly earlier
astrocytes marker, S100B, is also decreased 25% but this was not statistically significant. The
decrease in astrocytes is consistent with previous data showing the converse result that
overexpression of BMPs both in vitro and in vivo increases astrogliogenesis (Gomes et al.,
2003;Gross et al., 1996;Mekki-Dauriac et al., 2002). This study provides the first direct
evidence that BMP signaling is involved in the generation of appropriate numbers of astrocytes
during the development of the spinal cord.

What could account for the decrease in astrocytes upon disruption of BMP signaling? One
possibility is the prevention of astrogliogenesis by apoptosis of precursors. Although we did
see an overall increase in apoptosis by TUNEL and caspase 3 labeling, virtually none of the
dying cells co-labeled with GFAP, indicating that they were either not astrocytes or were
astrocyte precursors that had not yet achieved GFAP expression.

It is also possible that an astrocyte precursor population is present in these animals, but unable
to differentiate to the point of expressing more mature markers. S100pB expression occurs just
prior to GFAP expression during astrocyte maturation (Ghandour et al., 1981). The Bmpr
double knockout animals showed a small but non-statistically significant decrease in S1008
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compared to the normal animals, suggesting that BMP signaling may be required at a stage in
astrocyte development during or just following S100p expression but prior to the expression
of GFAP. Therefore, we suggest that BMPs may contribute to the maturation of astrocytes,
but not their specification. Loss of BMP signaling may, in addition, specifically decrease GFAP
expression because SMADs have been shown to regulate the GFAP promoter (Nakashima et
a, 1999).

Because BMP expression in vitro can divert OPCs to the astrocyte lineage, there may be a
population of oligodendrocyte precursors in the double knockouts that would normally become
astrocytes by BMP signaling. Disruption of BMP signaling within the glial-restricted precursor
population could allow the oligodendrocyte pathway to become predominant and generate an
increase in the number of OPCs and/or mature oligodendrocytes. However, our data indicates
that the numbers of OPCs in the double knockout animals do not change and that mature
oligodendrocytes fail to form, suggesting that diversion of OPCs is not likely.

Our observation that BMP signaling contributes to myelination contrasts other studies in which
overexpression of BMPs inhibited the progression of the oligodendrocyte lineage and
inhibition of BMPs, via specific inhibitors, resulted in increased oliogdendrogliogenesis.
Overexpression studies of BMPs include the addition of BMPs to in vitro culture systems which
inhibits differentiation of OPCs and myelin protein expression but promotes astrocyte
development (Grinspan et al., 2000;Gross et al., 1996;Mabie et al., 1997;See et al., 2004). In
vivo experiments in which BMPs are overexpressed from neuron-specific promoters, or are
over-expressed locally via bead implantation in Xenopus or implantation of BMP-
overexpressing cells in chick indicate that BMPs promote astrogliogenesis while inhibiting
oligodendrocyte development (Gomes et al., 2003;Mekki-Dauriac et al., 2002;Miller et al.,
2004). However, each of these observations reflects the effects of BMP overexpression and
does not investigate the role of endogenous BMP signaling in glial development. Gain of
function experiments in the nervous system do not necessarily predict the actual role of growth
factors shown in loss of function experiments. Examples of this include the roles of both TGF-
beta and neuregulin in myelination in the peripheral nerve (D'Antonio et al., 2006; Taveggia et
al., 2005)

Other studies have attempted to suppress BMP signaling in vivo using BMP inhibitors and
have demonstrated an increase in oligodendrocytes or ectopic formation of oligodendrocytes.
Miller et al (2004) placed beads containing function-blocking antibodies to BMP4 adjacent to
dorsal spinal cord in Xenopus embryos and observed a small number of ectopic
oligodendrocytes. Mekki-Dauriac et al (2002) found ectopic oligodendrocytes in embryonic
chick spinal cord after transplanting cells secreting the BMP-specific inhibitor noggin or
ablating the BMP-rich dorsal areas. A significant difference in our system is that we genetically
eliminated BMP signaling altogether rather than reduced signaling via inhibitors. Any
remaining low level of BMP signaling in the models using inhibitors may promote
oligodendrocyte development instead of repressing it. In addition, oligodendrocytes express
BMPs themselves (Kondo and Raff, 2004) and Grinspan and Zhang, unpublished). It may be
that this autocrine or juxtaparacrine expression promotes proper myelination. Since
oligodendrocytes from double knockout animals lack BMP receptors, they cannot respond to
their own BMPs.

Our results, combined with previous data, suggest that overexpression of BMPs is inhibitory
to oligodendrocyte development yet BMP signaling is required for timely maturation of
oligodendrocytes. There are several possible ways to explain this paradox in the Bmpr double
knockout. The effects may be dose dependent. Large amounts of BMPs may be inhibitory for
oligodendrocyte maturation, as seen in vitro, whereas smaller amounts promote appropriate
myelination. This is potentially controlled by the amount of BMPs secreted in the local area,
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which may decrease as oligodendrocytes begin to mature. BMP4 expression in Xenopus begins
to decrease around the time of birth when the first myelin-protein-expressing oligodendrocytes
would appear (Miller et al, 2004). Thus a lowering, but not total absence, of BMP would
facilitate oligodendrocyte differentiation. BMP signaling in oligodendrocytes could also
demonstrate stage specificity such that BMP signaling is not necessary for precursor
development but supports oligodendrocyte differentiation.

A third possible explanation for the lack of oligodendrocyte differentiation and myelination
upon inhibition of BMP signaling is that it is an indirect effect due to the loss of astrocytes.
Astrocytes may provide signals that activate the differentiation and myelination program in
oligodendrocytes (Ishibashi et al., 2006). This activation may require BMP signaling to the
astrocytes or just a critical number of astrocytes, but the myelination effect on the
oligodendrocytes would be indirect. However, it is not known if the decrease in astrocytes is
severe enough to produce this effect. These mutant mice also lack DI1 and some DI2
interneurons and have a dorsal expansion of the DI3 and D14 population (Wine-Lee et al,
2004). Formally, the altered fate of a specific population of neurons could change the timing
of myelination and delay or decrease oligodendrocyte maturation. However, the number of
neurons in the DI1 and DI2 population are very small relative to the total and the dorsal spinal
cord neuronal subtypes develop within the same time period (Muller et al., 2002), suggesting
that the effect would not account for the significant decrease we find. The generation of
oligodendrocyte-specific BMP receptor knockouts will begin to address these questions.

Although myelin protein expression is reduced in the double knockout animals, the numbers
of oligodendrocyte precursors were unchanged and had the same anatomical distribution. This
was also an unexpected observation since administration of BMPs in vitro diverts neuronal
stem cells and OPCs to the astrocyte lineage (Gross et al., 1996). However, our data suggests
that OPCs are unaffected by BMP signaling even though the BMP receptors are deleted from
subventricular zone cells before OPCs first appear. Since even the numbers of O4+ cells,
appearing only in the late precursors period, are the same in the normal and mutant spinal cords,
the main effect of BMPs in PO spinal cord oligodenodrogliogenesis appears to be on maturation.

In addition to finding no alterations in numbers or distribution of OPCs after genetically
eliminating BMP signaling, we found no changes in OPC proliferation or cell death even with
a significant decrease in mature oligodendrocytes. There was also no increase in cell death in
immature or mature oligodendrocytes. Three lines of evidence suggest that cell death does not
play a role in the lack of mature oligodendrocytes in this mutant either during the precursors
stage or at the point of differentiation. One, we could not detect double labeling using the
TUNEL assay and antibodies to PDGFRa, PLP or Olig2, which identifies cells throughout the
entire oligodendrocyte lineage. Nor could we detect double labeling with antibody to activated
caspase 3 and PDGFRa or O4. Two, we do not see a loss of O4+ cells in the Bmpr double
knockouts compared to controls. O4 antibody identifies the POA antigen which appears in the
late progenitor stage and remains positive throughout maturation (Bansal et al, 1992). If cell
death were a mechanism for the lack of mature oligodendrocytes, we would see a decrease in
the number of O4+ cells in the mutants as compared to the controls. If the oligodendrocyte
precursors were unable to mature or were delayed in maturation, the O4 number would stay
the same. Finally, these data mirror those found in mice with genetically eliminated expression
of Oligl, Nkx2.2, Sox 10, transcription factors required for oligodendrocyte development (Lu
etal., 2002;Qi et al., 2001;Stolt et al., 2002). These knockout models showed normal numbers
of OPCs and delayed or decreased oligodendrocyte differentiation without adoption of another
cell fate. Qi et al (2001), speculate that the precursors simply do not differentiate and are lost
in the neonatal period. In our model, this would account for normal numbers of PDGFRa+ and
O4+ cells at birth.
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Using our mutant pedigree that only survives until PO, we are unable to determine whether
myelin protein expression is blocked or merely delayed. To address this, we cultured PO
oligodendrocyte precursors and demonstrated that they express myelin proteins upon
differentiation. We detected PLP and MBP expression by both immunohistochemistry and by
Western blotting in cultured cells. Although this suggests that myelin protein expression is
only delayed, it is possible that factors present in our culture system can override the block on
myelin protein formation or that the in vitro milieu lacks inhibitory in vivo signals. In a recent
study of Olig1-null mice, expression of myelin-forming genes was abolished in vivo, whereas
expression of myelin proteins and elaboration of membrane sheets was present in vitro (Xin
et al., 2005) indicating that expression of myelin proteins in vitro may not be the same as in
vivo.

In summary, our results show that BMP signaling contributes to the timely development of
glial cells in the spinal cord. BMP signaling is promotes a full complement of astrocytes, as
previously suggested by in vitro data. That BMP signaling supports only the maturation but
not the generation of normal numbers of OPCs is novel and suggests that levels of BMP are
tightly regulated during development to ensure proper levels of myelination.

Experimental Methods

Generation of Bmpr double knockout mutants

The Bmprla conditional knockout was generated suing the AB-1 ES cell line and was described
previously (Ahn et al., 2001;Mishina et al., 2002) . Tissue specific recombination of Bmprla
in the neural tube is driven by the Brn4/Pou3f4 promoter region of the Bcre 32 pedigree on a
CD-1 strain backgound (Heydemann et al., 2001). The Bmpr1b classical knockout pedigree
was a generous gift from Dr. Karen Lyons which was generated using the CCE cell line (Yi et
al., 2000). The mating scheme used to generate double knockout mutants was described in
detail previously (see Figure 1 of Wine-Lee et al, 2004). Briefly, female animals contained the
Bmpria™ floxed allele and the Bmpr1bXO classical knockout allele, but no Cre transgene
(Bmpria™/Bmpria™;BmpribKO /+). These were crossed with male mice containing the
Bcre-32 transgene, the Bmpr1aKO classical knockout allele, and Bmpr1bK® (Bmpr1ako/
+;Bmpr1bKO/+; Bere-32). The Bere-32 transgenic allele was homozygosed when available,
but hemizygous animals were also used in the study. Double knockout mice die within hours
of birth and demonstrate severe limb defects. Normal animals have at least one functional allele
of Bmprla and Bmprlb and do not show any phenotype. Because the pedigrees have been
maintained by intercross breeding, the background strain is a mixture of strains, including
C57BL/6J, CD-1 and the 129/Sv strains used to generate the AB-1 and CCE ES cell lines.

Immunohistochemistry

For frozen sections, PO animals were perfused with 0.9% saline and 4% paraformaldehyde,
then spinal cords were removed, further fixed in 4% paraformadehyde for 1 hour, then placed
in 30% sucrose overnight and embedded in OCT (Sakura Finetek). The entire spinal cord was
then cryosectioned at 12pm.

To label oligodendrocytes, sections were washed in phospho-buffered saline (PBS) incubated
in block containing 20% fetal calf serum, 2% bovine serum albumin, 0.1% Triton in PBS for
30 minutes, washed in PBS, incubated overnight at 4°C in primary antibody, washed in PBS,
incubated for 30 minutes with the appropriate secondary (all secondary antibodies were
purchased from Jackson Immunoresearch Laboratories), washed in PBS followed by 5 minutes
with DAPI and mounted. The antibody pairs used to label mature oligodendrocytes are anti-
PLP (1:2, AA3 hybridoma supernatant, gift of Alex Gow, Wayne State University) with goat
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anti-rat 1gG and anti-MBP (hybridoma supernatant, 1:2, gift of Virginia Lee, University of
Pennsylvania) with goat anti-rat 1gG (1:100).

To label oligodendrocyte precursors, sections processed as described above were incubated in
NG2 antibody (1:100, Chemicon) with goat anti-rabit 1gG or anti PDGFRa antibody (1:250,
BD Biosciences Pharmigen) with goat anti-rat 1gG, treated with DAPI 5 minutes and mounted.
Antibody to Olig 2 (1:200, Chemicon) with goat anti-rabbit 1gG was used to label both OPCs
and mature oligodendrocytes.

To label astrocytes, sections were processed as described above and incubated with anti-glial
fibrillary acidic protein (GFAP) antibody (1:2, hybridoma supernatant, gift of Dr. Virginia Lee,
University of Pennsylvania) with anti-rat secondary (1:100) or with anti- S100p (1:100, Sigma)
with anti-rabbit secondary.

To determine extent of cell proliferation, sections were immunolabeled separately with
antibody to the mitosis marker phosphorylated histone H3 and with antibody to the proliferation
protein Ki-67 (Hendzel et al., 1997;Nowak and Corces, 2000;Scholzen and Gerdes, 2000).
Sections were processed as described above and incubated in anti-phospho-histone 3 antibody
(1:250 in block, Upstate Biotechnology) or Ki-67 antibody (1:100. Vector Laboratories) and
anti-rabbit secondary antibody (1:100). To determine extent of OPC and astrocyte proliferation
specifically, sections were double-labeled for phospho-histone 3 and PDGFRa or GFAP,
respectively.

Cell death was measured using the TUNEL analysis as previously described (Grinspan et al.,
1998). To determine extent of cell death among oligodendrocyte and astrocyte populations
specifically, sections were double-labeled with anti-cleaved caspase 3 (1:200, Cell Signaling)
and anti-rabbit secondary antibody (1:100) and anti-PDGFRa or anti-GFAP, respectively.

To enumerate the astrocytes and OPCs, we counted digital images at 20X taken from at least
four fields of grey matter per section from three cervical spinal cord sections per animal on
one or two animals per litter using at least three litters, comparing normal and Bmpr double
mutant animals. To enumerate cells expressing PLP or GalC, we counted digital images at 40X
taken from at least 6 fields of white matter per section from three cervical spinal cords sections
per animal on one or two animals per litter using at least three litters.

To determine the number of differentiated oligodendrocytes expressing galactocerebroside
(GalC) or 04, sections of spinal cord from normal and double mutant animals were fixed in
4% paraformaldehyde for one hour and soaked in 30% sucrose, then cut on a vibratome at
50pM. These sections were blocked for 30 minutes in block containing 0.1% triton then
immunolabeled using O1 (hybridoma supernatant 1:2, (Sommer and Schachner, 1981)) for 1
hour, washed 3x with PBS, incubated with goat anti-mouse 1gM secondary antibody (1:100)
for 20 minutes, washed 3x with PBS, then treated with DAPI for 10 minutes. O4 labeling was
performed in a similar manner using O4 antibody at 1:20 (hybridoma supernatant, Sommer
and Schachner, 1981) and a “MOM?” immunodetection kit (Vector). Counts were performed
as indicated above.

Western Blotting

Spinal cords from PO animals were dissected and sonicated for 30 seconds in ice-cold lysis
buffer (containing 25 mM Tris, pH 7.6, 1L mM MgCl,, ImM EDTA, 1% TritonX-100, 1% SDS,
1 mM PMSF, 5ug/ml antipain, 2ug/ml aprotinin, ug/ml leupeptin, pg/ml pepstatin A), then
centrifuged and supernatant preserved. Protein concentration was determined using BCA
method. (Pierce Chemical, Rockford, IL). Protein samples (50ug) were denatured and run on
15% gel as previously described (See et al., 2004). Membranes were incubated in blocking
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buffer with anti-MBP (1:500) and anti-GFAP (1:100). Samples incubated with anti-PLP
(1:100) were not denatured. Membranes were then incubated with appropriate horse radish
peroxidase-conjugated secondary antibody. Immunoreactive protein was detected with ECL
reagents (Amersham, Piscataway, NJ) and membranes were exposed to hyperfilm
(Amersham). Blots were stripped and reprobed with antibody to GAPDH (1;2,500) as a loading
control. The ratio of GFAP or MBP to GAPDH was assessed by image ready software.

A mixed population of cells were isolated from brains of normal and double knockout P1 mouse
pups. Tails were collected for genotyping via PCR. Individual brains were cultured separately
in serum-containing medium as previously described (Grinspan and Franceschini, 1995) and
cultures were not combined with like phenotypes until those phenotypes were confirmed by
PCR. After one day, the cells were switched to a serum-free growth medium containing
100pg /ml transferrin, 100ug /ml bovine serum albumin, 60 ng/ml progesterone, 16pg/ml
putrescine, 40 ng/ml sodium selenite, 5 mg/ml N-acetyl cysteine, 1mM sodium pyruvate, 10
ng/ml d-biotin, 0.5 mg/ml insulin (Sigma-Aldrich, St Louis, MO), 10 ng/ml basic fibroblast
growth factor, 2 ng/ml platelet-derived growth factor (R & D, Minneapolis, MN), 1ng/ml
neurotrophin-3 (Peprotech, Rocky Hill, NJ). Cultures were maintained in this medium until
confluent (approximately one week).

After a week, cells were immunoselected by incubation on 1200mm tissue culture plates coated
with Thy1.2 antibody (Serotec) to remove contaminating neurons, astrocytes and microglia
and then the remaining cells were incubated on plates coated with A2B5 antibody to collect
OPCs (Grinspan et al., 2000). These purified OPCs were grown in GM in lysine-coated T75
flasks and plated on lysine-coated coverslips and 100 mm plates with growth factors (10ng/ml
fibroblast growth factor (FGF) and 2ng/ml platelet-derived growth factor (PDGF)).

To differentiate the oligodendrocyte precursors, cultures from normal, and Bmpr double
knockout animals were treated with differentiation medium containing 50% DMEM, 50%
Ham's F12 with 50ug/ml transferrin, ug/ml putresine, 3 ng/ml progesterone, 2.6 ng/ml
selenium, 12.5 g/ml insulin, 0.ug/ml T4, 0.3% glucose, 2mM glutamine, and 10 ng/ml biotin
with or without 50ng/ml BMP4 (R&D systems). Antibodies used for immunolabeling cultures
cells were anti-phospho-Smad (Cell Signaling), A2B5 (hybridoma supernatant, ATCC,
(Eisenbarth et al., 1979), 01 and PLP. Procedures for immunolabeling oligodendrocytes in
culture have been described previously (See et al., 2004).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

BMP signaling in the oligodendrocyte lineage is disrupted in conditional double knockout
Bmpr mice.

Cultures of OPCs were established from brains of PO normal and double knockout mice. The
cultures were placed in differentiation medium, treated with 50ng/ml BMP for 24 hours and
then labeled with the A2B5 antibody and antibody to phosphorylated Smad1. Two coverslips
were examined from each of three separate preparations. Normal OPCs have only a low
background level of phosphoSmad labeling (panel A). Upon BMP treatment, OPCs
demonstrate nuclear labeling of phospho-Smad (Panel C). Cultures of OPCs from double
mutant animals do not show phospho-Smad labeling with or without BMP treatment (Panels
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B and D). In addition, some cultures were treated with 50ng/ml BMP for 2 days and then
processed for immunofluorescence using an antibody to detect GFAP and the 01 antibody to
detect GalC. Two coverslips were examined from each of three separate preparations. In the
cultures from normal animals without BMP, only a few contaminating cells are GFAP+ (panel
E) whereas many cells express GalC and demonstrate the morphology of mature
oligodendrocytes (panel I). When cells from the normal cultures are treated with BMP, many
cells express GFAP (panel G) and GalC expression is inhibited (panel K). In the cultures from
the Bmpr double knockout animals, BMP treatment has no effect; the cultures contain few
GFAP+ cells in general (panel F) and BMP treatment does not increase this number (panel H).
GalC+ process-bearing oligodendrocytes are present in control as well as BMP treated cultures
(panels J and L). The scale bar in K equals 30pum.
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Figure 2.

Spinal cord sections from Bmpr double knockout animals have half as many astrocytes as spinal
cords from normal animals at PO.

Spinal cords were removed from PO normal and Bmpr double knockout mice and were prepared
for cyrosectioning and labeling. A) GFAP expression is markedly decreased in the double
knockouts compared to the normals. Shown are sections of whole spinal cord photographed at
10X and higher power insets at 40X. The scale bar for the 10X sections equal 10pum. The scale
bar for the 40X inserts equals 3um. B) Cell counts were performed at 20 X magnification on
3 cervical spinal cord sections from each of four double knockout animals from four separate
litters. Cells were deemed positive if they had a DAPI+ nucleus surrounded by a rim of GFAP
+ cytoplasm (see inset in A). The Bmpr double knockout animals had 37% fewer GFAP+ cells
than the controls (p< 0.02). C) Western blotting was performed on whole spinal cord lysates
from three double knockout and normal animals from at least three litters and demonstrate an
equivalent reduction of GFAP protein.

Mol Cell Neurosci. Author manuscript; available in PMC 2008 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seeetal. Page 18

A Normal Bmpr Double KO

B 300 A
250 A
200 A
150
100 A

50 A

s100p+ cells/section

Normal Bmpr Double KO

Figure 3.

Numbers of astrocytes expressing S100p in the Bmpr double knockout mice is reduced as
compared to normal mice but does not achieve statistical significance.

Spinal cords were removed from normal and Bmpr double knockout animals at PO and
processed for cyrosectioning and immunocytochemistry using antibody to S1003. A) Section
of dorsolateral spinal cord shows that the number of S1003+ cells is somewhat decreased,
especially in the grey matter. The scale bar in A equals 5um. B) Cell counts were performed
at 20 X magnification on 3 cervical spinal cord sections from each of five double knockout
animals from five separate litters. Cells were deemed positive if they had a DAPI+ nucleus
surrounded by a rim of S100p+ cytoplasm. A decrease of 25% is noted which is not statistically
significant (P = 0.052).
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Figure 4.

Although overall cell death is increased in the Bmpr mutants, few astrocytes and
oligodenodrocytes are labeled with cell death markers.

A) The TUNEL assay was performed on PO spinal cord sections from pairs of normal and
Bmpr double knockout mice from three separate litters and the number of TUNEL+ cells per
sections was determined. There was a three fold increase. B) Rare GFAP+ cell co-label with
caspase 3 (arrow). Although caspase 3+ cells are present, PDGFRa + cell do not co-label with
them. The scale bar equals 3um.
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Figure 5.

Spinal cords from Bmpr double knockout animals have reduced numbers of cells expressing
myelin proteins PLP and MBP.

A) Spinal cords were removed from normal and Bmpr double knockout mice at PO and
processed for cryosectioning and immunolabeling with antibodies to MBP and PLP. Shown
are sections of whole spinal cord photographed at 10X and high magnification insets
photographed at 40X. The Bmpr double knockout demonstrates no dorsal staining and severely
reduced staining in the ventral areas of the cord. The scale bar for the 10X sections equals
10um. The scale bar for the 40X insets equals 1um. B) Cell counts were performed at 20X
magnification on three sections per animal from four animals taken from four different litters.
Cells were deemed positive if a rim of PLP+ cytoplasm could be seen around a DAPI+ nucleus.
The number of cells per section is reduced more than 50% in the Bmpr double knockouts. C)
Western blots performed on whole spinal cord sections from three double knockout and normal
animals from at least three litters showed a similar reduction in PLP and MBP protein in the
Bmpr double knockout animals.
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The number of cells expressing GalC is decreased in the Bmpr double knock out animals.
Spinal cords were removed from normal and Bmpr double knockout mice and processed for
vibratome sectioning and immunolabeling with antibody to GalC. A) Shown are sections of
whole spinal cord photographed at 10X and high magnification insets photographed at 40X.
The scale bar for the 10X sections equals 10um. The scale bar for the 40X insets equals 1pm.
B) Cell counts performed at 20X magnification on three sections per animal from three animals
taken from three separate litters. There is a 37% decrease in expression of GalC in the double

knockout animals.
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Figure 7.

The number of cells expressing the late progenitor marker O4 is the same in control and Bmpr
double knockout animals.

Spinal cords were removed from normal and Bmpr double knockout mice and processed for
vibratome sectioning and immunolabeling with O4 antibody. A) Shown are sections of whole
spinal cord photographed at 10X and high magnification insets photographed at 40X. The scale
bar for the 10X sections equals 10um. The scale bar for the 40X insets equals 3um. B) Cell
counts performed at 20X magnification on three sections per animal from three animals taken
from three separate litters. There is no statistically significant difference between the number
of cells in the mutant and normals.
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Figure 8.

The number and distribution of oligodendrocyte precursors is the same in the normal mice as
in the Bmpr double knockouts.

Spinal cords were removed from normal and Bmpr double knockout mice at E13.5, E15.5 and
PO and were prepared for cyrosectioning and labeling with antibody to PDGFRa. A) Shown
are sections of whole spinal cord at 5X (scale bar = 10pm) and higher magnification inserts at
40X (scale bar= 5um). Cells exhibiting cytoplasmic labeling with PDGFRa are visible
throughout the cord in both normal and mutant animals. No differences in the number or
distribution of precursors is noted at any of the time points (for E13.5, P<0.374, for E15.5,
P<0.406, for PO, P<0.185. B) Cell counts were performed at 20 X magnification on three
cervical spinal cord sections from three Bmpr knockout and normal mice from three litters at
E13.5, E15.5 and PO. Cells were counted as positive if they had a DAPI+ nucleus and a rim of
PDGFaR+ cytoplasm. There was no significant difference between the number of cells in the
normals and mutants.
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Figure 9.

Oligodendrocyte precursors from Bmpr double knockout mice can differentiate in vitro.
Forebrain cells from normal and Bmpr double knockout animals were cultured in vitro and
allowed to differentiate. A) After 4 days, both types of cultures contained mature cells with
extensive branched processes labeling with antibody to GalC and PLP. B) Cell counts were
performed by counting the number of GalC or PLP+ cells as a function of the number of DAPI
+ nuclei on two coverslips each on cultures taken from three or more separate litters. There
was no significant difference in the numbers of mature cells between the normal and the
mutants. The scale bar in A equals 3um.
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