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Oligodendroglial Expression of TrkB Independently
Regulates Myelination and Progenitor Cell Proliferation

Agnes W. Wong,"2 Junhua Xiao,"?> Dennis Kemper,® Trevor J. Kilpatrick,2* and Simon S. Murray'23
!Centre for Neuroscience Research, 2Department of Anatomy and Neuroscience, and *Florey Institute of Neuroscience and Mental Health, The University of
Melbourne, Victoria 3010, Australia

The neurotrophin brain-derived neurotrophic factor (BDNF) has been implicated in regulating CNS myelination. BDNF mutant mice
exhibit a hypomyelinating phenotype, and BDNF exerts distinct effects upon oligodendroglial proliferation, differentiation, and myeli-
nation in vitro. To investigate the precise influence that BDNF exerts in regulating CNS myelination in vivo, we have generated conditional
knock-out mice in which TrkB has been deleted specifically in oligodendrocytes. Deletion of TrkB disrupted normal oligodendrocyte
myelination, resulting in a significant reduction in myelin protein expression and myelination of CNS white matter tracts during devel-
opment. Importantly, conditional knock-out mice exhibited normal numbers of mature oligodendrocytes and normal numbers of
myelinated axons; however, myelin thickness was significantly reduced during development. These data indicate that while TrkB expres-
sion in oligodendrocytes plays no role in the initial contact with axons, it exerts an important influence in subsequent stages to promote
myelin ensheathment. The conditional knock-out mice also exhibited an increased density of oligodendrocyte progenitor cells (OPCs) in
CNS white matter tracts. Concordant with these results, in vitro analyses using OPCs subjected to TrkB knockdown also revealed in-
creased OPC proliferation. Our data suggested this effect was dependent upon TrkC and p75 expression. Thus, our data demonstrate that
TrkB expression in oligodendroglia exerts a direct effect on oligodendrocytes to promote myelination and an indirect effect upon the OPC

population, modifying their proliferative potential.

Introduction

Oligodendrocyte progenitor cells (OPCs) arise from germinal
regions within the CNS, proliferate, and migrate before differen-
tiating into premyelinating oligodendrocytes. These cells subse-
quently mature into myelinating oligodendrocytes that ensheath
axons and form myelin membrane (Baumann and Pham-Dinh,
2001). However the orchestration of CNS myelination is complex
and multifactorial, as a number of distinct factors have been
shown to regulate this process such as extracellular growth factors
(Chan et al., 2004; Brinkmann et al., 2008; Furusho et al., 2011),
extracellular matrix proteins (Colognato et al., 2007; Camara et
al., 2009; Laursen et al., 2011), receptors (Givogri et al., 2002;
Chen et al., 2009), and electrical activity (Stevens et al., 2002;
Karadottir et al., 2008; Wake et al., 2011).

Brain-derived neurotrophic factor (BDNF) belongs to the
neurotrophin family of growth factors and signals via two distinct
classes of receptors: tropomyosin-related kinase (Trk) B and the
structurally unrelated p75 kDa neurotrophin receptor (p75)
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(Huang and Reichardt, 2003). BDNF, like the other neurotro-
phins, can signal independently through either the Trk or p75
receptor, as well as through a Trk-p75 “high-affinity” receptor
complex, which can increase the magnitude and duration of Trk
signaling (Verdi and Anderson, 1994; Twiss et al., 1998; Wong et
al., 2008). Analysis of both BDNF-null and heterozygote mice
have identified hypomyelination in multiple regions of the
CNS, supporting a promyelinating role for BDNF in vivo
(Cellerino etal., 1997; Djalali et al., 2005). In vitro studies have
identified that BDNF exerts direct effects upon oligodendro-
glia, variously promoting OPC proliferation and differentia-
tion, as well as myelination via activation of endogenous TrkB
receptors on oligodendroglia (Xiao etal., 2010). To investigate
the precise influence BDNF exerts upon CNS myelination in
vivo, we have generated a conditional deletion of TrkB from
oligodendrocytes.

Our data indicate that oligodendroglial expression of TrkB
exerts key influences at different stages in the oligodendroglial
lineage. Conditional knock-out mice exhibited normal numbers
of postmitotic mature oligodendrocytes and normal numbers of
myelinated axons; however, myelin thickness was significantly
reduced during development. On the other hand, there was a
significantly increased density of OPCs within white matter tracts
of the conditional knock-out mice. We conclude that the expres-
sion of TrkB exerts important and distinct influences in different
stages of the oligodendroglial lineage, directly promoting myeli-
nation by oligodendrocytes and indirectly modifying the prolif-
erative potential of OPCs.
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Materials and Methods

Animals. TrkB floxed (TrkB ") mice (He et al., 2004) were backcrossed
for nine generations onto a C57BL/6 background, and crossed onto MB-
PCre mice (Emery et al., 2006) for a further two generations to create
TrkB ¥ MBPCre mice. Postnatal day 2 (P2) Sprague Dawley female rats
were used for dorsal root ganglion (DRG) culture. P7 Sprague Dawley
female rats and TrkB " MBPCre mice of either sex were used for OPC
isolation. The R26R-EYFP mice (Srinivas et al., 2001) were crossed to
MBPCre mice to generate MBPCre R26R-EYFP mice.

Isolation and culture of OPCs. Detailed protocols for the purification
and culture of rat OPCs were as previously described by Dugas et al.,
2006. Mouse OPCs were isolated from dissociated P7 mouse brains as
described by Cahoy et al., 2008, by positively immunopanning for
PDGFRa after depletion of microglia with BSL1. Mouse OPCs were
cultured in serum-free media (as described by Dugas et al., 2006), sup-
plemented with 2% B-27 and 0.1% trace element B. PDGF-AA (10 ng/
ml) and NT3 (5 ng/ml) were added to the media to proliferate the OPCs.

For the analysis of receptor expression in OPCs and oligodendrocytes,
pure OPC cultures were either maintained as OPCs under proliferative
conditions with NT3 and PDGF-AA, or differentiated into oligodendro-
cytes by the withdrawal of mitogens for 72 h. Protein lysates and RNA
were collected for analysis.

Cocultures. DRG-OPC cocultures were established as described previ-
ously (Xiao et al., 2010). Briefly, NGF-dependent DRGs were purified in
the presence of NGF (100 ng/ml) for 2—3 weeks. Isolated OPCs were
seeded onto the DRG cultures and maintained for 24-72 h for prolifer-
ation analysis or 14 d for Western blotting analysis. Treatment of the
cocultures was as indicated.

Lentiviral sShRNA knockdown. Lentiviral particles were prepared from
TrkB-shRNA and control-scrambled shRNA plasmids (Open Biosys-
tems) by transfection into HEK293T cells. OPCs were infected with con-
centrated lentiviral particles for 48 h, then seeded onto the DRGs. The
efficacy of knockdown of the receptors was determined by Western blot.

Proliferation analysis. All proliferation assays were performed in the
DRG-OPC coculture format. For the proliferation assays, bromode-
oxyuridine (BrdU; 15 mu; Invitrogen #00-0103) was added to the co-
culture media after OPC seeding. The cocultures were subsequently
fixed, stained with anti-BrdU (Becton Dickson #555627) and anti-Olig2
(Millipore #AB9610) antibodies and quantified for proliferating oligo-
dendroglia after 48 and 72 h.

Western blotting analysis. Western blot analysis of lysates generated
from TrkB ™ MBPCre mice and control mice for the expression of my-
elin basic protein (MBP; Millipore #MAB381), myelin oligodendrocyte
glycoprotein (MOG; R&D Systems #AF2395), TrkB (Santa Cruz Bio-
technology #sc¢8316), and B-actin (Sigma #A5441) was performed; blots
shown are representative of three mice per genotype. Western blot anal-
ysis was also performed on lysates generated from pure cultures of oligo-
dendroglia from three independent experiments for the expression of
TrkB and B-actin. The optical density value for each band was deter-
mined using Fujifilm imaging software LAS3000, corrected to actin load-
ing control, then normalized against the control condition.

Histology. The brain and spinal cord, collected from 4% paraformal-
dehyde perfused mice, were cryoprotected and frozen in Tissue-Tek
OCT. Sections (10 um thick) were prepared from the brain (at approx-
imately bregma —0.94 wm) and lumbar spinal cord.

Immunohistochemistry and imaging. Sections were blocked and incu-
bated in primary antibody overnight, followed by incubation with the
appropriate secondary antibody (Invitrogen Alexa Fluor 594 or 488).
Primary antibodies used were directed against MBP, RIP (Millipore
#MAB1580), APC/CC1 (Oncogene #0OP-80), anti-PDGFRa (Becton
Dickson #558774), anti-GFP/YFP (Abcam #ab13970), and anti-NeuN
(Millipore #MAB377). Fluoromyelin (Invitrogen #F34652) was used for
labeling compact myelin. Images of adjacent sections were captured and
analyses were performed to assess myelin intensity and density of oligo-
dendrocytes and OPCs.

Electron microscopy. Tissues were postfixed in Karnovsky’s fixative and
processed for resin embedding. Semithin sections (0.5 wm) were pre-
pared to assess the quality and orientation of the tissue. Representative
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samples were then chosen and ultrathin sections (90 nm) were cut. Im-
ages were captured using a Siemens stereoscope transmission electron
microscope at 3000X and 10,000 X magnification for analyzing the size
of axons and myelin thickness respectively. G-ratios and axonal diameter
were assessed from three mice per genotype, analyzing three distinct
images per mouse (>200 axons per image).

Quantitative PCR. All quantitative PCR (qPCR) was performed on
an Applied Biosystem ABI7700 sequence detection system using the
comparative Ct method (Livak and Schmittgen, 2001). Sequences of
primers used were as follows: mouse and rat 18S, forward 5'-CGG
CTA CCA CAT CCA AGG AA-3', reverse 5'-GCT GGA ATT ACC GCG
GCT-3'; rat TrkB full-length, forward 5'-GGCCGTGAAGACGCTGAA-3/,
reverse 5'-CGGCTTCGCGATGAAAGT-3'; mouse TrkB full-length, for-
ward 5'-TGAGGAGGACACAGGATGTTGA-3', reverse 5'-TTCCAGTG
CAAGCCAGTATCTG-3';mouse TrkB truncated, forward 5'-GACCCAAA
CTCTTCGCTAACGA-3/, reverse 5'-CCTGGTGCTGCTCCGTTCTA-3';
mouse TrkC, forward 5 -TTAGGGCAGACTCTGGGTCTCT-3', reverse
5'-GCTTTCCAACACGGAGGTCAT-3'.

Extracted RNA from tissues and cells (Qiagen RNEAsy kit) was reverse
transcribed into cDNA, using TagMan Reverse Transcription reagents
(Applied Biosystems). PCRs were performed and analyzed according to
previously published protocols (Livak and Schmittgen, 2001).

Statistical analysis. All statistical tests were performed using GraphPad
Prism (GraphPad Software) or Microscoft Excel statistical functions.
Student’s ¢ tests were performed to compare three independent sets of
data between different genotypes, or treatment groups in vitro. Two-way
ANOVA with Bonferroni’s post hoc tests were used for multiple compar-
isons (i.e., different genotypes and age groups).

Results

Oligodendroglial deletion of TrkB under control of the

MBP promoter

To investigate the role of oligodendroglial TrkB receptors in CNS
myelination in vivo, we generated mice in which TrkB was con-
ditionally deleted from oligodendroglia using the cre-loxP sys-
tem. We crossed mice in which the first coding exon and the two
transcription initiation sites of the TrkB gene were flanked by
loxP sites (TrkB ™), with mice expressing cre recombinase under
the regulatory control of the MBP promoter (MBPCre) (Heetal.,
2004; Emery et al., 2006; Li et al., 2008). This strategy was adopted
to preferentially delete TrkB from postmitotic oligodendrocytes.
To understand the temporal and spatial profile of MBP-driven
Cre activity, MBPCre mice were crossed against a Cre reporter
strain produced by targeted insertion of EYFP into the ROSA26
locus (R26R-EYFP) (Srinivas et al., 2001). MBPCre activity, as
assessed by GFP+ immunoreactivity, was detected in the corpus
callosum from as early as P9, and its expression profile was re-
stricted to ~50% CC1+ oligodendrocytes, as well as ~10% of
OPCs (Fig. 1A; quantified in Fig. 1B). Analysis of spinal cord
sections revealed a similar expression profile (data not shown).
No immunoreactivity was detected in either astrocytes (GFAP+)
or neurons (NFL+) of the corpus callosum or spinal cord. Col-
lectively, these data indicate that these mice exhibit a significant
and robust deletion of TrkB from oligodendrocytes, albeit sug-
gestive of incomplete penetrance.

To verify the fidelity of the knock-out mice, we first evaluated
TrkB expression in the oligodendroglial lineage in vitro via West-
ern blot analysis. Both OPCs and differentiated oligodendrocytes
derived from conditional knock-out mice exhibited a significant
decrease in TrkB protein expression compared with littermate
control (TrkB ™) mice ( Fig. 1C; quantitated in Fig. 1D). This was
confirmed by qPCR, with a significant decrease in TrkB RNA
expression level in the OPCs and differentiated oligodendrocytes
from the conditional knock-out mice compared with controls
(Fig. 1E). As was observed with protein expression, a significantly
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Figure 1. Reduced TrkB expression was specific to TrkB™" MBPCre oligodendroglia. A, Coronal sections of corpus callosum from MBPCre R26R-EYFP and control R26R-EYFP mice at P18
immunolabeled for GFP (green; indicating Cre activity) and PDGFRac+ OPCs (red; left) or CC1+ oligodendrocytes (red; right). B, Quantitation of the proportion of double-labeled oligodendrocytes
(GFP+/CC1+) and OPCs (GFP+/PDGFR:+) from P9 to P18 reveals that Cre activity, under the regulatory control of the MBP promoter, colocalizes to oligodendroglia during development. The
relative level of cre recombination was higher in oligodendrocytes than OPCs in the corpus callosum. €, Western blot including (D) densitometric analysis of in vitro culture lysates from OPCs and
differentiated oligodendrocytes (OLG) derived from TrkB i MBPCre (TrkB cKO, T) and littermate TrkB "™ (Control, C) mice and probed for TrkB and actin. Expression of both the full-length (FL) and
truncated (T) TrkB isoforms are significantly reduced in OPCs and oligodendrocytes derived from TrkB "™ MBPCre mice. E, qPCR analysis for TrkB RNA expression in isolated OPC and oligodendrocyte
cultures. TrkB mRNA levels were significantly decreased in OPCs and oligodendrocytes derived from TrkB " MBPCre mice compared with controls. Coronal sections of corpus callosum from TrkB
MBPCre and control mice at P12 and 24 immunolabeled for TrkB (green; F) and CC1 (red), or TrkB (green; /) and PDGFR (red). The number of CC1+ve oligodendrocytes appeared similar, whereas
an increased number of PDGFRa+ve OPCs was observed in the TrkB ™™ MBPCre mice. High-power insets in F demonstrate a (C1+/TrkB+ oligodendrocyte in the P12 control image, and a
(CC1+/TrkB-oligodendrocyte in the P12 TrkB cKO image. Similarly, the high-power insets in / demonstrate a PDGFRcc +/TrkB+ OPCin the P12 control image and a PDGFR + /TrkB-OPCin the P12
TrkB ckO image. Quantitation of the density of TrkB+/CC1+ double-labeled oligodendrocytes (G) and TrkB-+/PDGFRa+ double-labeled OPCs (J) in the corpus callosum from P12 to P30. TrkB 1
MBPCre mice have significantly fewer TrkB+ oligodendrocytes than controls, whereas the density of TrkB+ OPCs is not significantly different between genotypes. Quantitation of the density of
TrkB+/CC1+ double-labeled oligodendrocytes (H) and TrkB+/PDGFRa+ double-labeled OPCs (K') was also performed in the spinal cord from P12 to P30. Similarly, TrkB I/ MBPCre mice have
significantly fewer TrkB+ oligodendrocytes than controls, but have no significant difference in the density of TrkB+ OPCs. (n = 3/genotype, mean == SEM, *p << 0.05, **p << 0.01, ***p < 0.001,
two-tailed Student’s ¢ test and two-way ANOVA.) Scale bar, 150 m.
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greater reduction in TrkB was observed in differentiated oligo-
dendrocytes compared with OPCs. This is concordant with
quantitation of Cre recombinase RNA levels, which revealed sig-
nificantly greater expression in oligodendrocytes than OPCs
(data not shown). To investigate the extent of TrkB deletion in
oligodendroglia from different CNS regions in vivo, we immuno-
stained the corpus callosum and spinal cord with antibodies di-
rected against TrkB and either the oligodendrocyte-specific
marker CC1 or the OPC-specific marker PDGFRa, and quanti-
tated the number of double-labeled cells. In the corpus callosum,
the number of oligodendrocytes expressing TrkB was signifi-
cantly reduced in TrkB "™ MBPCre mice compared with controls
during development (Fig. 1F). Quantitatively, TrkB"" MBPCre
mice exhibited a significant (~50%) decrease in the density of
TrkB-expressing oligodendrocytes compared with controls dur-
ing development, from P12 to P30 (Fig. 1G). In contrast, analysis
showed that no significant difference was observed in the density
of OPCs expressing TrkB between the genotypes (Fig. 1I; quan-
titated in Fig. 1]). Analyses of the ventral white matter tract of the
lumbar spinal cord revealed statistically similar observations. In
the spinal cord, the density of TrkB-expressing oligodendrocytes
was reduced by ~50% in the TrkB™" MBPCre mice compared
with control mice during development (quantified in Fig. 1H);
however, the density of TrkB-expressing OPCs remained similar
between the two genotypes (quantified in Fig. 1K).

TrkB /" MBPCre mice exhibit fewer myelin wraps

To investigate the influence of reduced oligodendroglial TrkB
expression upon CNS myelination, we first assessed myelin pro-
tein expression in the brain and spinal cord. For the brain, the
corpus callosum and cerebral cortex were dissected out from
cerebrum; for the spinal cord, the whole lumbar enlargement was
isolated. Western blot analyses of corpus callosum showed a sig-
nificant decrease in the expression of myelin proteins MBP and
MOG in lysates derived from TrkB™" MBPCre mice compared
with controls during development, from P12 to P30 (Fig. 24;
quantitated in Fig. 2 B, C). In the spinal cord, a similar decrease in
MBP expression was observed in TrkB"® MBPCre mice; how-
ever, no significant difference was detected in the expression of
MOG (Fig. 2G; quantitated in Fig. 2 H,I).

To investigate the influence upon myelination, sections of
corpus callosum and spinal cord were stained with antibodies
directed against MBP. Analysis of average fluorescence in the
corpus callosum revealed that TrkB "™ MBPCre mice exhibited a
significant decrease in myelination during development (Fig. 2D;
quantitated in Fig. 2E). To verify this, additional sections were
stained for the myelin markers RIP and fluoromyelin. Analysis of
these myelin stains also revealed a significant reduction in both
RIP (Fig. 2F) and fluoromyelin fluorescence (data not shown)
compared with controls. Therefore, analysis of fluorescence of
three independent myelin markers revealed a significant decrease
in corpus callosum myelination during development (average
decrease from P12 to P30: ~27% in MBP, ~40% in RIP, and
~30% in fluoromyelin; data not shown). In the ventral white
matter tract of the lumbar spinal cord, analysis of average MBP
fluorescence revealed that TrkB ™" MBPCre mice exhibited a sig-
nificant decrease in myelination during development (Fig. 2J;
quantitated in Fig. 2K). Additional sections stained for RIP (Fig.
2L) and fluoromyelin (data not shown) also revealed a similar
reduction. Therefore, quantitation of the fluorescence of three
independent myelin markers revealed a significant decrease in
spinal cord myelination during development (average decrease
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from P12 to P30: ~40% decrease in MBP, ~36% decrease in RIP,
~17% in fluoromyelin; data not shown).

To investigate whether the decreased myelination was due to
fewer axons being myelinated or an overall decrease in myelin
thickness, we undertook an ultrastructural analysis of myelinated
axons in the ventrolateral white matter tract of the lumbar spinal
cord at P12. The proportion of axons that were myelinated in
TrkB " MBPCre mice appeared indistinguishable from controls
(Fig. 3A). Quantitation revealed that the percentage of myelin-
ated axons in TrkB ™™ MBPCre mice was indistinguishable from
controls (93.93 * 2.11%, TrkB"" MBPCre: 90.97 * 1.83%).
Further analysis of the myelinated axons as a function of axonal
diameter revealed a similar distribution between the genotypes
(Fig. 3B), indicating that the hypomyelinating phenotype was not
due to fewer axons being myelinated or a particular influence
upon a subset of axons. In contrast, analysis of the G-ratio, that is
the ratio of axonal diameter to fiber diameter (axon and myelin),
revealed a higher percentage of axons exhibiting an increased
G-ratio in the TrkB ™" MBPCre mice (Fig. 3A; average G-ratio of
control: 0.724 + 0.01, TrkB " MBPCre: 0.819 *+ 0.01; quantified
in Fig. 3C), suggesting a decrease in the average myelin thickness
within the myelinated axons of the TrkB™? MBPCre mice. We
also investigated whether the reduced myelination influenced the
axon diameter but found that the TrkB"" MBPCre mice exhib-
ited the same axon diameter distribution to control mice (Fig. 3A;
quantified in Fig. 3D). Overall, these data indicate that oligoden-
drocytes in the TrkB ™" MBPCre mice initially contact axons and
commence myelination normally but exhibit comparatively
thinner myelin compared with controls at this developmental
time point, suggesting subsequent ensheathment and regulation
of myelin thickness is attenuated.

To investigate whether a change in the number of oligoden-
drocytes was contributing to the decreased myelination observed,
we next assessed the number of CC1+ oligodendrocytes in Trk-
BY® MBPCre and littermate control mice. Quantitation of the
number of CC1+ oligodendrocytes in the midline corpus callo-
sum (Fig. 3E; quantified in Fig. 3F) and lumbar spinal cord
(quantified in Fig. 3G) white matter tracts at P12, 18, 24, and 30
detected no significant difference in oligodendrocyte density be-
tween the two genotypes. Collectively, these data suggest that the
hypomyelination observed in the TrkB ™" MBPCre mice was not
due to an absolute change in oligodendrocyte differentiation or
number, nor a change in the capacity of oligodendrocytes to con-
tact axons and initiate myelination, but rather specifically af-
fected the capacity of oligodendrocytes to elongate processes to
fully ensheath axons and to myelinate to their full extent.

To investigate whether the decreased myelination persisted in
older mice, we undertook the same analyses of myelin protein
expression and myelination of white matter tracts at 2, 6, and 12
months of age. Analysis of myelin protein (MBP and MOG) ex-
pression in the corpus callosum (Fig. 4A; quantified in Fig. 4 B, C)
and lumbar spinal cord (Fig. 4G; quantified in Fig. 4 H,I) showed
no change in expression levels compared with controls. Analysis
of corpus callosum sections for MBP (Fig. 4D; quantified in Fig.
4E), RIP (quantified in Fig. 4F), and fluoromyelin (data not
shown) at 2, 6, and 12 months of age revealed no change in
fluorescence intensity compared with controls. Similarly, analy-
sis of lumbar spinal cord MBP (Fig. 4J; quantified in Fig. 4K), RIP
(quantified in Fig. 4L), and fluoromyelin (data not shown) levels
revealed no differences compared with controls.

Collectively these data suggest that oligodendrocyte-
expressed TrkB receptors play a specific role in oligodendrocyte
myelination during development. Loss of TrkB in oligodendro-
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Figure2.  TrkB™" MBPCre mice exhibited significantly reduced myelination during developmen

t. A, Western blot including (B, €) densitometric analysis of corpus callosum lysates derived from

P12t0 P30 TrkB " MBPCre (T) and control (C) mice and probed for myelin proteins MBP and MOG, with actin as a loading control. Both MBP and MOG expression are significantly reduced in TrkB 1

MBPCre mice compared with controls. D, Coronal sections of corpus callosum from TrkB ¥ MBPCre a

nd control mice at P12 and 30 immunolabeled for MBP. The corpus callosum from TrkB "/ MBPCre

mice show reduced intensity of staining compared with littermate controls. Quantitation of the average fluorescence intensity of corpus callosum sections from P12 to P30 mice stained with MBP
(E) and RIP (F) reveals that TrkB /" MBPCre mice have a significant reduction in myelination. Similar analyses were performed on the spinal cord. G, Western blot and (H, /) densitometric analysis
of lumbar spinal cord lysates derived from P12 to P30 TrkB " MBPCre and control mice and probed for myelin proteins MBP and MOG, with actin as a loading control. MBP expression was significantly

reduced in TrkB " MBPCre mice compared with controls, whereas MOG expression was similar betw
cord of TrkB ™" MBPCre and control mice at P12 and 30 immunolabeled for MBP. The TrkB "/ MBP

een the two genotypes.J, Transverse sections of ventral white matter tract from the lumbar spinal
Cre spinal cords show reduced intensity of staining compared with controls. Quantitation of the

average fluorescence intensity of the ventral white matter tract from P12 to P30 stained with MBP (K) and RIP (L) revealed that TrkB I/ MBPCre mice havea significant reductionin myelination. (n =

3/genotype, mean == SEM, *p << 0.05, two-way ANOVA.) Scale bar, 150 wm.

cytes does not affect axonal contact or the initial stages of myeli-
nation, but appears to selectively affect subsequent process
extension. This influence is limited to development, as by ~2
months of age myelination of white matter tracts in these mice
was indistinguishable from controls.

TrkB indirectly influences OPC proliferation

We also examined the number of PDGFRa+ OPCs in the corpus
callosum and lumbar spinal cord in TrkB " MBPCre and control
mice. Interestingly, immunohistochemical analyses of corpus
callosum revealed a significant increase in the density of
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Figure 3.

TrkB ™ MBPCre exhibited thinner myelin sheath in the CNS. A, Representative electron microscopy micrographs (3000 and 10,000<) of lumbar ventral spinal cord from Trk

Bﬂ/ﬂ

MBPCre and control (TrkB ™) mice at P12. The TrkB "/ MBPCre axons appear wrapped by thinner layers of myelin compared with littermate controls. B, Quantification of the percentage of axons
that are myelinated in relation to axonal diameter at P12. No difference in the percentage of axons that are myelinated across the range of axonal diameters was observed between the two
genotypes. €, Graphical representation of the G-ratio of individual fibers in relation to axon diameter (presented as scatter plots) at P12. TrkB " MBPCre mice exhibited an increase in G-ratio (dark
blue), indicative of decreased myelin thickness, compared with littermate controls (light blue). Dark lines represent the linear regression line for each dataset. D, Quantification of the proportion of
axons in relation to axon diameter at P12 reveals a similar distribution of axonal diameter between TrkB " MBPCre and control mice. E, Coronal sections of corpus callosum from TrkB /" MBPCre and
control mice at P12 and 30 immunolabeled for CC1+ oligodendrocytes. The corpus callosum from TrkB™" MBPCre mice show a similar number of oligodendrocytes compared with litter-

mate controls. F, Quantitation of the density of CC1-+ cells in corpus callosum sections from P12 to P30 mice reveals that TrkB " MBPCre mice have a similar number of oligodendrocytes compared

with control mice. G, Similar analysis in the lumbar spinal cord also revealed no difference in the density of CC1+ oligodendrocytes in the Trkl

3/genotype, mean = SEM, two-way ANOVA.) Scale bar, 100 m.

PDGFRa+ OPCs in TrkB " MBPCre mice compared with con-
trols (Fig. 5A; quantitated Fig. 5B). A significant increase was also
observed in the lumbar spinal cord (quantified in Fig. 5C).
Interestingly, we had observed that the number of TrkB+
OPCs in the TrkB " MBPCre mice was the same as controls (Fig.
1I-K). Our data indicate that the increased density of
PDGFRa+ OPCs in the TrkB™" MBPCre mice was due to a
specific increase in the density of TrkB— OPCs. This observation
raises the possibility that this increased number of OPCs is an
indirect consequence of specific deletion of TrkB expression in
OPCs. The parsimonious view of these observations is that the
hypomyelinating phenotype resulted in an endogenous prolifer-

B ™ MBPCre mice compared with controls. (n =

ative influence upon the OPCs, and that the magnitude of this
influence was dependent upon the level of TrkB expression
among the progenitor cells.

To assess this influence directly, we studied the consequence that
the loss of TrkB exerted on OPC proliferation in vitro by inducing
TrkB knockdown in these cells using a viral-based shRNA approach.
In isolated OPC cultures, infection with shRNA lentivirus directed
against TrkB resulted in a 65% reduction in TrkB expression, as
assessed by quantitation of Western blot bands (data not shown).
Infection with a scrambled control shRNA exerted no influence on
TrkB expression levels (data not shown). To formally assess OPC
proliferation, we undertook BrdU proliferation assays on naive,
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Figure4.  Myelination is normal in adult TrkB "™ MBPCre mice. 4, Western blot including (B, €) densitometric analysis of corpus callosum lysates derived from 2-, 6-, and 12-month-old TrkB /"

MBPCre (T) and control (C) mice and probed for myelin proteins MBP and MOG, with actin as a loading control. MBP and MOG expression are similar between the genotypes. D, Coronal sections of
corpus callosum from TrkB ™ MBPCre and control mice at 2 and 6 months of ageimmunolabeled for MBP. The corpus callosum from TrkB " MBPCre mice show similarintensity of staining compared
with littermate controls. Quantitation of the average fluorescence intensity of corpus callosum sections from 2- to 12-month-old mice stained with MBP (E) and RIP (F) reveals normalization of
myelination in TrkB " MBPCre mice compared with controls. Similar analyses were performed on the spinal cord of adult mice. G, Western blot and (H, /) densitometricanalysis of lumbar spinal cord
lysates derived from 2-, 6-, and 12-month-old TrkB ™" MBPCre and control mice and probed for myelin proteins MBP and MOG. The expression of MBP and MOG is similar between the genotypes.
J, Transverse sections of ventral white matter tract from the lumbar spinal cord of TrkB " MBPCre and control mice at 2 and 6 months of age immunolabeled for MBP. The TrkB "/ MBPCre mice show
similarintensity of MBP staining compared with littermate controls. Quantitation of the average fluorescence intensity of lumbar spinal cord sections from 2-, 6-, and 12-month-old mice stained with
MBP (K') and RIP (L) also shows no statistical difference in myelination between TrkB ™™ MBPCre and control mice. (n = 3/genotype, mean == SEM, two-way ANOVA.) Scale bar, 150 m.

scramble, and TrkB knockdown OPCs, in coculture with DRG
neurons. These data revealed that knockdown of TrkB in
OPCs increased their proliferation, as the proportion of Olig2+
oligodendroglia that incorporated BrdU significantly increased
compared with naive and scramble infected OPCs after 24 and
48 h (Fig. 5D) and the total number of Olig2+ oligodendroglia

was also potentiated (Fig. 5E). These data indicated the loss of
TrkB in OPCs promoted their proliferation.

OPC proliferation is dependent upon NT3 signaling
We next investigated the mechanism of the proliferative effect in
OPCs following TrkB knockdown. In addition to TrkB, OPCs
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Figure 5.  Reduced TrkB expression in OPCs increases proliferation in vitro. A, Coronal sections of corpus callosum from TrkB ™" MBPCre and control mice at P12 immunolabeled for PDGFRax+
OPCs. The corpus callosum from TrkB " MBPCre mice show an increase in the density of OPCs compared with littermate controls. B, Quantitation of the density of PDGFRex+ cells in corpus callosum
sections from P12 to P30 mice reveals that TrkB "™ MBPCre mice have a significantly higher density of OPCs than controls. €, Quantification of the PDGFRaz+ cell density in the lumbar spinal cord
sections from P12 to P30 also reveals a significant increase in the OPC density in the TrkB ™ MBPCre mice. Scale bar, 100 um. D, E, Quantitation of BrdU proliferation assays from in vitro cocultures
seeded with naive, scramble, or TrkB knockdown-infected OPCs after 24 and 48 h. D, Scramble-infected OPCs exhibit the same proportion of Olig2 + oligodendroglia colabeled with BrdU as naive
OPCs. In contrast, TrkB knockdown-infected OPCs exhibit a significantly greater proportion of Olig2 + oligodendroglia colabeled with BrdU, indicative of increased proliferation. E, The total number
of 0lig2+ oligodendroglia was consequently greater in the cocultures seeded with TrkB knockdown OPCs after 24 and 48 h. F, qPCR analysis for TrkB and TrkC mRNA expression in isolated OPC
cultures 48 h after infection with scramble and TrkB knockdown virus. Following TrkB knockdown, TrkB mRNA expression significantly decreased, whereas no significant change in TrkC mRNA
expression was observed compared with scramble-infected cultures. G, Quantitation of BrdU proliferation assays from in vitro cocultures seeded with naive, scramble, or TrkB knockdown-infected
OPCs after 48 h. Assays were either untreated (control), treated with a control antibody (I9G, 2 g/ml), or treated with a TrkC blocking antibody (TrkClgG, 2 ug/ml). The control antibody exerted
no influence on the proportion of Olig2+ oligodendroglia that had incorporated BrdU. In contrast, addition of the TrkC blocking antibody selectively blocked BrdU incorporation in the TrkB
knockdown OPCs, but not the naive or scramble OPCs. H, Quantitation of BrdU proliferation assays from in vitro cocultures seeded with either naive OPCs or OPCs subjected to infection with scramble,
TrkB alone (TrkB kd), p75 alone (p75 kd), or combined TrkB and p75 (TrkB p75 kd) knockdown viruses after 48 h. Assays were either untreated (control) or treated with NT3 (5 ng/ml). NT3 increased
the proliferation of naive and scramble-infected OPCs. TrkB kd OPCs exhibited increased proliferation under control conditions and exogenous NT3 exerted no additive effect. While p75 kd OPCs
proliferated normally under basal conditions, they did not increase their proliferation in response to exogenous NT3. OPCs subjected to both TrkB and p75 knockdown did not increase their
proliferation under control conditions nor increased their proliferative response to NT3. This indicates that p75 is required for both the proliferative response following TrkB knockdown and after
addition of NT3. (n = 3/group, n = 5/group in F, mean == SEM, *p << 0.05, two-tailed Student’s ¢ test and two-way ANOVA.)

also express the neurotrophin receptors TrkC and p75. Interest-  analysis on naive, scramble-infected, and TrkB shRNA-
ingly, TrkC is known to exert a proliferative effect upon OPCs  infected OPCs revealed no significant change in TrkC RNA
(Barres et al., 1993). One mechanism that could account for the  levels (Fig. 5F).

increased OPC proliferation following TrkB knockdown is a An alternative hypothesis to account for the proliferative ef-
compensatory increase in TrkC expression. However, a qPCR  fect is that following TrkB knockdown, additional TrkC-p75
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high-affinity receptor complexes increase TrkC signaling. To test
this, we added a TrkC blocking antibody in the coculture assays
and found that it exerted no influence upon the proliferation of
naive or scramble-infected OPCs, but that it significantly de-
creased the proliferation in TrkB knockdown OPCs (Fig. 5G).
These data suggest that TrkC signaling was mediating the in-
creased proliferation observed following TrkB knockdown.

We also assessed whether p75 expression was required for the
proliferative effect. OPCs were subjected to TrkB and/or p75
knockdown, and their proliferation was determined in response
to exogenous N'T3 after 48 h. NT3 significantly increased prolif-
eration of naive and scramble-infected OPCs. TrkB knockdown
OPCs exhibited significantly increased proliferation, but NT3 ex-
erted no additive effect (Fig. 5H). The p75 knockdown OPCs
proliferated normally, but also failed to increase their prolifera-
tion in response to N'T3, suggesting that p75 is critical to the
NT3-induced proliferative effect. Importantly, the TrkB and p75
knockdown OPCs also proliferated normally, but failed to in-
crease proliferation in response to NT3 (Fig. 5H). These results
indicate that the expression of p75 is required for OPC prolifer-
ation following TrkB knockdown. Collectively, the induction of
proliferation observed following TrkB knockdown could be ame-
liorated by inhibition of TrkC signaling and knockdown of p75
expression, suggesting the proliferation is mediated by TrkC and
P75 expression.

Discussion

In this study we have identified that TrkB exerts a distinct influ-
ence upon CNS myelination. The in vivo examination of TrkB ™"
MBPCre mice revealed decreased myelin protein expression and
decreased myelination of CNS white matter tracts, indicating a
hypomyelinating phenotype in these mice. While cellular analysis
showed normal numbers of postmitotic mature oligodendro-
cytes, ultrastructural examination of single axons revealed that
while TrkB ™" MBPCre mice exhibited a normal number of my-
elinated axons, the significant decrease in myelination was selec-
tively due to reduced myelin thickness during development. This
indicates that TrkB exerts a direct and distinct effect upon oligo-
dendrocytes to govern myelin membrane extension and en-
sheathment of axons in vivo. Interestingly, TrkB ™ MBPCre mice
also displayed an increase in OPC density in white matter tracts.
Our in vitro data strongly suggested that this was an indirect effect
of the loss of TrkB in OPCs, resulting in augmented TrkC-
dependent proliferative signals. Collectively, these data indicate
that TrkB exerts differential effects upon the oligodendroglial
lineage, indirectly tempering TrkC-induced proliferation of
OPCs and directly regulating oligodendrocyte myelin thickness
by promoting myelin membrane extension and ensheathment.

The role of oligodendroglial TrkB in CNS myelination in vivo

Our data clearly demonstrate the importance of oligodendrocyte-
expressed TrkB in CNS myelination. Analysis of BDNF knock-out
mice has revealed CNS hypomyelination; however, due to their fail-
ure to thrive, poor health, and early postnatal lethality, they have
ultimately proved to have limited utility for detailed examination of
myelin development (Cellerino et al., 1997; Djalali et al., 2005). In-
vestigation of BDNF heterozygote mice, which have a normal life
span, has revealed a reduction of myelin protein expression in the
forebrain and myelination in the spinal cord, optic nerve, and corpus
callosum (Vondran et al., 2010; Xiao et al., 2010). This indicated that
BDNF was clearly exerting a positive effect upon myelination; how-
ever, it remained unclear whether this was primarily a neuronal or
oligodendroglial-mediated effect. In this regard, analysis of the in-
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fluence that BDNF exerted on oligodendrocytes in vitro provided
some insight. Studies have identified that BDNF is not required for
the survival, proliferation, or differentiation of OPCs from the optic
nerve and cortex (Barres et al., 1993; Xiao et al., 2010). However, in
vitro analyses of basal forebrain-derived OPCs reveal that BDNF
increases their proliferation as well as their differentiation into ma-
ture oligodendrocytes (Du et al., 2006; Dugas et al., 2006). The rea-
son for this diversity in response of oligodendroglia to BDNF in vitro
is unclear, but could be due to regional differences and heterogeneity
of progenitor populations of the cells analyzed. Alternatively, the
nature of the influence that BDNF exerts on OPCs in vitro could be
dependent on the culture conditions.

It is uniformly accepted that BDNF exerts its effects on oligo-
dendroglia via activation of TrkB receptors (Du et al., 2003; 20065
Van’t Veer et al., 2009; Xiao et al., 2010). As the TrkB knock-out
mouse is neonatal lethal (Klein et al., 1993), this necessitated the
use of a conditional TrkB deletion strategy to investigate the pre-
cise influence that TrkB signaling exerted upon myelination in
vivo. Analysis of our TrkB"? MBPCre mice demonstrate clear
myelin deficits, indicating the influence the BDNF exerted upon
myelination was direct and mediated via oligodendrocyte ex-
pressed TrkB receptors. Specifically, our data revealed thinner
myelin sheaths, which from first principles must also reflect a
reduction in the number of paranodal loops. However, despite
deficits in myelin development being clearly evident, by 2 months
of age myelination in the TrkB " MBPCre mice had normalized.
The precise reason for this is unclear. Ultimately CNS myelina-
tion is orchestrated by an unknown number of extracellular in-
fluences (Emery, 2010; Taveggia et al., 2010), and the removal of
the TrkB receptor may be insufficient to halt the process, however
sufficient to reduce the intracellular signaling cascades that reg-
ulate the myelin program. As a consequence the kinetics of the
myelin program may slow down and delay myelination. Interest-
ingly, the developmental profile of TrkB expression in oligoden-
droglia is dynamic. The mRNA for TrkB is relatively high in
OPCs, decreases as cells progress through the oligodendroglial
lineage, and is lowest in myelinated oligodendrocytes (Cahoy et
al., 2008). In addition, we have observed that oligodendroglial
TrkB immunoreactivity is significantly lower in aged mice (data
not shown). As a consequence, the influence TrkB exerts could be
most relevant during development when it is most highly ex-
pressed. Thus the influence of TrkB could be highly develop-
mentally regulated, such that as mice mature other influences
expedite and normalize myelination in the TrkB"? MBPCre
mice. Thus the most parsimonious view, consistent with the
downregulation of TrkB in oligodendroglia in adult mice, could
be that the developmental specificity of the phenotype reflects the
developmental regulation of the expression of TrkB by these cells.
Alternatively, as our analysis revealed that some oligodendro-
cytes failed to undergo recombination in the TrkB™" MBPCre
mice, as more OPCs differentiate into oligodendrocytes more
may escape recombination, thus myelin could have proceeded
normally albeit in a significantly delayed manner. Regardless of
the reason, our data clearly point to a key role played by TrkB
expressed by oligodendrocytes in promoting CNS myelination.

Importantly, our strategy to selectively delete TrkB from oli-
godendroglia is the first to unequivocally identify a clear role for
TrkB in mediating CNS myelination. Other studies have impli-
cated TrkB in regulating CNS myelination; however, these have
been confounded by deletion of the receptor in multiple cell
types. For example, targeted deletion of TrkB by the nestin pro-
moter showed significant reduction in cortical myelin expression
(MBP and CNPase), the number of myelinated axons, and the
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thickness of myelin sheath in the corpus callosum (Medina et al.,
2004). However, interpretation of the cause of the myelin deficit
in the experiments is confounded by deletion of TrkB in neurons
and glial precursors. Mice in which TrkB has been conditionally
deleted from forebrain neurons (via the CaMKII promoter) and
from neural precursors and astrocytes (via the GFAP promoter)
have not been reported to have any CNS myelin deficits
(Minichiello et al., 1999; Li et al., 2008). While these mice have
provided insight into the role of TrkB in formation of the neo-
cortex as well as hippocampal learning and neurogenesis, they
provide no support for a role of neuronally expressed TrkB re-
ceptors in regulating CNS myelination. This corroborates our
view that the key influence that TrkB exerts in promoting CNS
myelination is specific to oligodendroglia.

We demonstrated that the loss of TrkB in OPCs resulted in a
cell-autonomous effect that leads to increased OPC proliferation,
putatively via the formation of TrkC-p75 high-affinity receptor
complexes. Multiple neurotrophins, including NT3, the cognate
ligand for TrkC, are expressed by CNS neurons in vivo and DRG
neurons and OPCs in vitro. High-affinity neurotrophin signaling
can increase the magnitude and duration of Trk signaling, and
potentially account for the increased proliferation of OPCs in our
assays (Verdi and Anderson, 1994; Twiss et al., 1998; Wong et al.,
2008). Thus, ultimately the in vitro and in vivo observations of
increased OPC proliferation are concordant. However, the in-
creased density of OPCs in our TrkB™" MBPCre mice raises an
unresolved issue: What is the ultimate fate of these OPCs? Our
data indicate that these mice exhibit normal numbers of postmi-
totic (CC1+) oligodendrocytes, which suggests these OPCs ei-
ther do not differentiate or that innate mechanisms that control
total oligodendrocyte number in the CNS kick in to remove the
excess.

The finding that TrkB exerts a key influence in promoting
oligodendrocyte myelination invites speculation about the sig-
naling mechanisms required. TrkB is a canonical receptor ty-
rosine kinase that initiates a number of well characterized
signaling pathways such as Shc-Ras-Erk (MAPK/Erk), PI3K/Akt,
and PLC-vy pathways (Huang and Reichardt, 2003). Interestingly,
some of these pathways have been implicated in regulating my-
elination. The expression of constitutively active Akt in OPCs and
oligodendrocytes (via the PLP promoter) exerted no influence on
oligodendrocyte number, but dramatically increased myelin
thickness (Flores et al., 2008; Narayanan et al., 2009). Impor-
tantly, and relevant to the phenotype of our TrkB"? MBPCre
mice, oligodendroglial deletion of Erk1 and Erk2 revealed normal
OPC proliferation, survival, and differentiation, as well as normal
initial ensheathment of axons, but the subsequent increase in
myelin thickness and myelination failed to occur (Fyffe-Maricich
et al., 2011; Ishii et al., 2012). Indeed, we have recently demon-
strated that that Erk1/2 appears to play a critical role in mediating
the promyelinating influence of BDNF in vitro (Xiao et al., 2012).
Collectively, these data suggest a mechanism wherein BDNF, sig-
naling through oligodendrocyte-expressed TrkB, could be a key
factor in influencing myelin thickness through Erk1/2 activation,
at least in the developmental context, in vivo.

In summary, we demonstrate that selective deletion of TrkB in
oligodendroglia exerts differential effects upon OPCs and oligo-
dendrocytes. Our data indicate that TrkB exerts important and
independent effects that indirectly influence OPC proliferation
and perhaps more importantly directly promotes oligodendro-
cyte myelination, specifically regulating myelin membrane ex-
tension and myelin thickness during postnatal development in
vivo.
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