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PDGF a-Receptor Signal Strength Controls an RTK
Rheostat That Integrates Phosphoinositol 3’-Kinase
and Phospholipase Cy Pathways during
Oligodendrocyte Maturation

Randall D. McKinnon, Sean Waldron, and Mary E. Kiel
Department of Surgery (Neurosurgery), University of Medicine and Dentistry of New Jersey, Robert Wood Johnson Medical School, Piscataway, New Jersey
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Receptors with tyrosine kinase activity (RTKs) control tissue growth and development in metazoans. How they generate cell-specific
responses remains essentially unknown; one model proposes that distinct RTKs activate different second-messenger pathways, whereas
asecond proposes that all RTKs deliver a generic “go” signal to these pathways that is uniquely interpreted by downstream, cell-specific
response competence factors. We examine pathway activation and pathway-specific responses downstream of PDGFa receptors, whose
expression in the developing CNS identifies oligodendrocyte progenitor cells (OPCs) and whose activation controls OPC proliferation,
migration, survival, and maturation. PDGFRa-null mice die in utero, and OPCs that emerge before their demise have migration and
proliferation defects and rapidly differentiate into postmitotic oligodendrocytes in vitro. OPCs from hemizygous mice also undergo
precocious differentiation, indicating a role for PDGFR« gene dosage in timing OPC maturation. The rescue of PDGFRa-null OPCs with
PDGFRa transgenes revealed specific roles for the phosphatidylinositol 3-kinase (PI3K) and phospholipase Cy (PLCvy) pathways and a
distinct ligand concentration dependence. Activation of the PI3K pathway is required for PDGFRa-induced migration, whereas activa-
tion of both PI3K and PLCy are required for PDGFRa-induced proliferation. For proliferation, PI3K activation is required at low ligand
concentration, whereas PLCy is required at high signal strength. Dose-response studies further demonstrate that PDGFR« activates
PI3K atlow ligand concentrations, whereas PLC+y is activated at high signal strength. Thus, PDGFRa signaling acts like a rheostat rather

than generic ON switch, with signal strength dictating pathway activation during OPC maturation.
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Introduction

Receptor tyrosine kinases (RTKs) control intercellular commu-
nication in metazoans, coupling distinct extracellular ligands to
common intracellular signaling pathways to regulate key cellular
processes in both development and homeostasis (van der Geer et
al., 1994). A clear picture of the biochemical pathways that can be
activated by RTKs has emerged during the past decade (Heldin
and Westermark, 1999). In contrast, how individual RTKs gen-
erate ligand-specific biological responses remains primarily un-
known. Two contrasting models have emerged to explain RTK
specificity (Simon, 2000). One proposes that all RTKs generate a
generic “ON” signal, interpreted by individual cell types based on
signaling history and competence to respond, supported by stud-
ies indicating that the signaling domains of distinct Drosophila

Received Oct. 1, 2004; revised Feb. 16, 2005; accepted Feb. 18, 2005.

This work was supported by United States Public Health Service Grant MH54652 from the National Institute of
Mental Health. We thank Phil Soriano for aR2—4 (PDGFRce-null) mice, Joel Levine, Hideaki Yokoo, and Dave
Coleman for antibodies, and Sylvie Ebner, Hongwei Rao, and Maryse Dunbar for excellent technical assistance.

Correspondence should be addressed to R. D. McKinnon, University of Medicine and Dentistry of New Jersey,
Robert Wood Johnson Medical School, 675 Hoes Lane, S-225, Piscataway, NJ 08854. E-mail: mckinnon@umdnj.edu.

DOI:10.1523/JNEUR0SCI.5049-04.2005
Copyright © 2005 Society for Neuroscience  0270-6474/05/253499-10$15.00/0

RTKSs can be functionally substituted (Dossenbach et al., 2001). A
second proposes that distinct RTKs activate different signaling
pathways and generate specific responses based on strength of
signal and which pathways are engaged, as suggested by differen-
tial activation of the mitogen-activated protein kinase (MAPK)
pathway by nerve growth factor (NGF) and epidermal growth
factor (EGF) receptors in PC12 cells (Marshall, 1995) and phos-
phoinositol 3'-kinase (PI3K) by PDGF but not fibroblast growth
factor (FGF) receptors in vertebrate glia (Ebner et al., 2000).
We examined PDGF signaling in oligodendrocytes, myelinat-
ing glial cells of the vertebrate CNS, and tested the hypothesis that
unique pathways are coupled to separate biological outcomes.
Oligodendrocytes are generated from progenitors [oligodendro-
cyte progenitor cells (OPCs)] in the embryonic neuroepithelium,
migrate into brain parenchyma, exit the cell cycle, and then as-
semble myelin sheaths to insulate neuronal axons. OPCs and
their neuroepithelial precursors isolated from brain and spinal
cord further present a unique opportunity to examine signaling
specificity in primary, non-immortal cells in vitro. Studies have
defined discrete stages of maturation in this lineage from neural
stem cells in the ventricular zone to tripotential glial restricted
progenitors (GRPs) (Liuand Rao, 2004) and OPCs (Pfeiffer et al.,
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1993). PDGF promotes OPC proliferation, migration, survival,
and maturation via PDGFRa, the only PDGF receptor isoform in
these cells detected by ligand binding (Pringle et al., 1989) and
molecular expression (McKinnon et al., 1990). Transgenic stud-
ies further indicate that PDGF levels can be limiting for OPC pool
expansion (van Heyningen et al., 2001), demonstrating the im-
portance of PDGFRa signaling in these cells.

We used a transgene rescue approach to examine signaling
pathways in OPC proliferation, migration, and maturation.
OPCs from PDGFRa-null mice failed to migrate or proliferate
and underwent an accelerated maturation. Transfection with
wild-type PDGFRa expression vectors rescued the migration de-
fect, whereas transgenes incapable of activating PI3K did not.
Because the PI3K pathway was otherwise intact, this demon-
strates a specific requirement for PDGFRa—PI3K coupling in mi-
gration. Mutant transgenes unable to activate either PI3K or the
phospholipase C-y (PLCvy) pathway gave only partial rescue of
the proliferation defect. Finally, dose-response studies revealed
that PI3K is both activated and required specifically at low ligand
concentrations, whereas PLCYy is activated and required at high
ligand concentrations. Together, these results indicate that
PDGFRa signaling in OPCs results from specific pathways en-
gaged at distinct signal strengths and is more like a graded rheo-
stat than a generic “ON-OFF” response.

Materials and Methods

Animals. PDGFRa alleles examined included the chromosomal defi-
ciency Patch (Ph; The Jackson Laboratory, Bar Harbor, ME) and a
PDGFRa-null targeted disruption (Soriano, 1997). Both alleles are viable
as hemizygotes and cause embryonic lethality in homozygotes. Ph has
additional phenotypes (such as coat color) attributable to effects on the
downstream White locus encoding c-kit. Patch (C57BL/6] background)
were outbred to DBA mice (The Jackson Laboratory) and hemizygous
(Ph/+) animals identified by their dominant white spotting coat color.
The Soriano aR2—4 allele was identified by PCR analysis of DNA ex-
tracted from tails as described previously (Soriano, 1997).

Immunochemistry. Monoclonal antibodies A2B5, O4, and O1 were
obtained as supernatant fluids from hybridoma cell lines, polyclonal
anti-Olig2 antisera was obtained from Dr. Hideaki Yokoo (Gunma Uni-
versity School of Medicine, Maebashi, Gunma, Japan), and anti-NG2
antisera was obtained from Dr. Joel Levine (State University of New York
at Stony Brook, Stony Brook, NY). Other antibodies included anti-
myelin basic protein (MBP) (Chemicon, Temecula, CA), anti-PDGFRa
and active caspase 3 (R & D Systems, Minneapolis MN), and anti-Akt
(phosphoserine 473) and PLCy1 (phosphotyrosine 783) (Santa Cruz
Biotechnology, Santa Cruz, CA). Alexa-conjugated fluorescent second-
ary antibodies were from Molecular Probes (Eugene, OR). For histology,
animals were perfused with 4% paraformaldehyde in phosphate buffer,
the tissue was cryoprotected with 20% sucrose, and then 20 um frozen
sections were mounted on glass slides for staining.

Cell culture. Myelinating cocultures were established from embryonic
mouse spinal cords as described previously (Vartanian et al., 1999) with
dissected cords cleaned of peripheral nerve roots, minced, and then cul-
tured in DMEM (Invitrogen, Gaithersburg, MD) containing 50 U/ml
penicillin, 50 ug/ml streptomycin, and 10% fetal bovine serum (Invitro-
gen). Dissociated tissue from individual brain and spinal cords was di-
vided equally among six wells of a 24-well Costar (Cambridge, MA) plate,
and the media were replaced twice weekly. These studies included mixed
cultures without further purification of GRPs or OPCs from the other
cell types present. The Soriano allele was used for all embryonic studies
described, with the genotype of pups determined by PCR analysis as
outlined above. For mixed glial cultures established from Sprague Daw-
ley rat pups, the OPCs were further purified by A2B5 immune selection
(McKinnon et al., 1990), plated on dishes precoated with 100 ug/ml
poly-L-ornithine (Sigma, St. Louis MO), and cultured in DMEM with
100 pg/ml transferrin, 30 nm sodium selenite, 50 ng/ml bovine insulin, 10
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uM forskolin, 60 wg/ml N-acetyl cystein, 100 ug/ml BSA, 10 ng/ml
PDGF, and 5 ng/ml FGF2 (Invitrogen). For staining, cells on coverslips
were fixed in 4% paraformaldehyde and then permeabilized in 0.1%
Triton X-100 in PBS.

Molecular biology. Plasmids included wild-type and mutant versions of
the PDGFRa expression vector pMo.PDGFRa.iresNeo (Osterhout et al.,
1997), encoding either wild-type or point mutant forms of the intracel-
lular signaling domain of PDGFRa (C. Edwards and R. D. McKinnon,
unpublished observation), and a chimeric Fms/PDGFRa vector pSVfms/
PDGFRa (Yu et al., 1994, 1995) from M. Heidarin (Celgene Cellular Ther-
apeutics, Cedar Knolls, NJ). DNA was purified by chromatography (Qiagen,
Valencia, CA), and constructs were verified by sequence analysis (DNA core
facility of Robert Wood Johnson Medical School) of fragments generated by
PCRamplification (Ebner etal., 2000) using upstream primers (5'-3") agggt-
cattgaatcaatcagcecggatgg and actacgtggacatgaageagg and the downstream
primer aaagtggaactactggaacccg. Immunoblot analyses were performed as
described previously (McKinnon et al., 1990).

DNA-mediated gene transfer. DNA transfections were performed using
Lipofect AMINE reagent (Invitrogen), with 3 ug/ml LipofectAMINE plus
32 ug transferrin (Cheng, 1996) preincubated with the indicated
amounts of plasmid DNA, and then aliquots were added to wells for 4 h
at 37°C. Cells were then fed media plus supplements and, for prolifera-
tion studies, incubated an additional 36 h before assays. The efficiency of
transient transfection determined with a green fluorescent protein re-
porter was at least 30%. OPC lines with stable transgene expression were
selected in media containing 400 ug/ml G418 and amplified as described
for the CG4 cell line (Louis et al., 1992; Ebner et al., 2000).

Proliferation assay. Thymidine incorporation was determined by incu-
bating cells in 96-well plates (5 X 10> OPCs per well) for 24 h without
growth factors and then in media containing the indicated concentra-
tions of either PDGF-AA chain homodimer or the fmsligand hCSF1 (R &
D Systems) for an additional 24 h, with 0.1 wCi [*H]thymidine present
for the final 4 h (specific activity 48 Ci/mmol; Amersham Biosciences,
Arlington Heights, IL). DNA was harvested onto Whatman (Clifton, NJ)
GF/Cfilters, and *H incorporation was determined by liquid scintillation
counting. All assays were conducted at multiple input DNA concentra-
tions (0.1, 0.5, and 1.0 pg/well) for each construct and growth factor
condition described and were repeated at least three independent times
per construct.

Migration. Spinal cords minced to a uniform size (~0.5 mm) were
plated at low density on 12 mm coverslips and processed for histochem-
ical analysis after 15 d. Explant edges were identified in phase contrast,
and the dispersion of OPCs from the edge was determined by counting
04 " and MBP " cells in radial “bins” (050, 50-100, 100200, 200500,
and >500 wm) from the edge. The radial gradient of OPCs from their
source explants was unambiguous, and explants separated by <2 mm
were excluded from analysis.

Biochemistry. PI3K activation was monitored by phosphorylation sta-
tus of the PI3K target protein kinase B/Akt (Ebner et al., 2000). Cells on
coverslips were cultured for either 5 h (primary OPCs) or 18 h (OPCline)
in the absence of mitogens and then triggered with PDGF for 15 min
immediately before harvesting for analysis by anti-Akt (phosphoserine
473) histochemistry. Activation of PLC-y1 was monitored at 5 and 15 min
after ligand with anti-PLCy1 (phosphotyrosine 783), and the resultant
intracellular Ca?" mobilization was monitored in fura-2-loaded cells by
real-time image analysis using an automated imaging system (Attofluor,
Rockville, MD). Cells were loaded with 8 um fura-2 AM (37°C 30 min;
Calbiochem, La Jolla, CA), and then multiple cells (# > 40 per sample)
were visualized during sequential addition of agonists (hCSF1 and then
PDGF-AA, 100 pg/ml). Changes in emission intensity (580 nm) were
monitored for >30 min with sequential excitation at 340 and 380 nm.
Values represent the relative levels of intracellular free calcium.

Results

Oligodendrocyte progenitors in PDGFRa

homozygous-null mice

We examined two protein-null alleles of pdgfra, a targeted dis-
ruption aR2—4 (Soriano, 1997) and the spontaneous Patch (Ph)
deletion that affects pdgfra and the 3'-proximal gene c-kit
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Figure1.
(wt) and homozygous aR2—4-null (—/—) littermates at embryonic day 13.5; the inset is a
horizontal section of mutant cranium showing the prominent cleft palate. b, Horizontal section
of day 16.5 pdgfra-null mutant showing highly branched NG2 * cells in brain cortex (arrows). ,
d, NG2 cells with morphology of migrating OPCs in day 19 wild-type and mutant littermates.
Scale bar, 100 m.

Emergence of NG2-immunoreactive cells in pdgfra-null mouse brain. a, Wild-type

Table 1. Viability of PDGFR homozygous mutant mice: effect of genetic background
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to stillbirth. Thus, the penetrance of both null alleles is back-
ground sensitive, suggesting strain-specific modifiers.
Extending the survival of PDGFRa-null embryos allowed us
to examine late neurogenesis and directly test an unresolved
question in glial lineage (Liu and Rao, 2004): whether oligoden-
drocytes can be specified from neuroepithelial precursors in the
absence of PDGFRa. We first examined homozygous-null em-
bryos obtained from pdgfra™'~ matings. The NG2 proteoglycan
is expressed by cells with the morphology and distribution of
OPCs in embryonic and adult CNS, coincident with PDGFR«
(van Heyningen et al., 2001), and, although not all NG2-cells
acquire OPC markers (Mallon et al., 2002), they generate OPCs in
vitro (Nishiyama et al.,, 1996). In homozygous-null animals,
NG2-positive cells were evident in forebrain at E16.5 through
E19 within gray (Fig. 1b) and white (Fig. 1d) matter. Their density
in the hippocampal fimbria was lower than wild-type littermates
(Fig. 1¢). In explants established from E13.5 forebrain and main-
tained 7 d in vitro (Table 2), OPC numbers were ~40% lower in
homozygous-null than wild-type cultures ( pdgfra ™", 80; pdg-
fra~'~, 48; n = 5 independent samples). O4 * cell numbers were
similarly lower in spinal cord explants from PDGFRa-null em-
bryos (data not shown). The reduced numbers in mutant cultures
may in part reflect a lower plating density attributable to the
smaller size of null embryos (Fig. 1a). However, these results
demonstrate that although the absence of PDGFRa reduced the
census, it did not prevent the genesis of
OPCs in the neural axis. Of interest, the
absence of PDGFRa also did not appear to

PDGFRa allele E13.5 E14.5 E16.5 E18.5 PO affect the migration of OPCs in vivo.
Patch (C57BL/6)) 3/43(0.07) 1/10(0.10) (0.00) (0.00) (0.00)

Patch ((57 X DBA) — — 8/41(0.20) 6/22(0.27) (0.00)  Accelerated o]igodendrocyte
aR2-4((57 X DBA) 29/190 (0.16) 12/99 (0.12) 3/75 (0.04) 1/11(0.09) 37 maturation in PDGFR«

Numbers of homozygous PDGFRa-null mutants per total embryos observed at E13.5 through postnatal day 0 (birth) (P0) are shown. The Patch deletion was
maintained ona (57BL/6J background or outhred for at least five generations to DBA, and Ph/Ph mutants were identified by their small size and cleft face. The

haploid insufficiency
We also examined the maturation of

aR2—-4allele was outbred to DBA, and genotypes were confirmed by genomic DNA analysis. Numbers in parentheses represent the frequency of homozygous-

null embryos; 0.00, null embryos have not been detected at these gestation ages; —, gestation ages not examined in this study.

“Three confirmed PDGFRae-null pups survived gestation to term from the same (aR2—4/+) cross.

Table 2. Emergence, expansion, and maturation of OPCs from PDGFR« mutant mice

OPCs in PDGFRa-deficient embryos. Be-
cause the null mutants die before oligo-
dendrocytes emerge, we first considered
hemizygous mice with one copy of pdgfra

0PC(04) Oligos (04, MBP ™) in which haploic}finsujﬁciendcy may un-

cover PDGFRa effects dependent on gene

Genotype bay7 Day 14 Pay 21 Day 14 Day21 dosage. These studies F1)1sed both gthe

+/+ 80 =17 1333 £330 1497 = 242 80 =29 271 =119 aR2—4 and Ph alleles. Hemizygosity for

+/- 76+ 10 229 + 53 201 + 64% 384+ 36% M0£336 406 results in 50% lower PDGERa pro-
—/= 48+ 13 28 + 5% 25+ 3% 35*+EMN 164

Numbers of 04-positive OPCs and MBP ™ oligodendrocytes (oligos) in forebrain explants established from E13.5 ccR2— 4 mice are shown. Explants plated on
cover slips (6 wells per pup) were maintained from 1to 3 weeks in culture, and values represent total cell counts (mean = SEM) per well from at least three
experiments for each genotype and time point. Animals were genotyped as described in Materials and Methods: +/+, wild type; +/—, pdgfra hemizygous;
—/—, pdgfra homozygous null. *p << 0.05, differences between wild type were statistically significant (Student’s ¢ test).

(Gruneberg and Truslove, 1960; Smith et al., 1991; Stephenson et
al., 1991). Both alleles are recessive lethal, with 100% penetrance
of severe developmental phenotypes, including a cleft face (Fig.
la). Patch on an inbred C57BL background is lethal between
embryonic day 9.5 (E9.5) and E14 (Gruneberg and Truslove,
1960; Schatteman et al., 1992), and Ph/Ph mutants are observed
at only low frequency up to E14 (Table 1). The aR2—4 allele
mutants survive up to but not beyond day 16 (Soriano, 1997)
and, unlike Ph, can be rescued with a wild-type PDGFR« trans-
gene (Sun et al., 2000), suggesting a less severe chromosomal
disruption. We extended the survival of homozygous-null em-
bryos through extensive outbreeding of the Ph and aR2—4 alleles
(Table 1). Ph/Ph mutants were now identified as late as E18, and,
to date, three «R2—4/aR2—4 mutants survived gestation through

tein levels in whole embryos (Soriano,
1997), and, by quantitative Northern blot
analysis, PDGFRa levels are 50% lower in
cell lines established from hemizygous
versus wild-type mice (McKinnon, un-
published observation).

We examined both the OPC marker NG2 and the mature
oligodendrocyte marker MBP. NG2  cells in newborns were ob-
served in white matter of wild-type but not hemizygous litter-
mates, which in principal could represent delayed OPC genesis or
an acceleration in their maturation, because NG2 is progressively
lost as OPCs mature (Nishiyama et al., 1996). Consistent with the
latter, MBP staining was higher in day 8 hemizygotes compared
with wild-type littermates (Fig. 2a). Blot analysis with normalized
levels of whole-brain extracts also revealed fourfold higher levels
of MBP in postnatal day 8 hemizygotes (Fig. 2b). Thus, the tem-
poral pattern of MBP expression suggested an accelerated matu-
ration of OPCs in pdgfra haploid insufficiency. By postnatal day
14, levels of MBP were equivalent in wild-type and hemizygous
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Figure2. Emergence of oligodendrocyte marker MBP in PDGFRax hemizygous mice. a, My-
elin basic protein immunoreactivity in cerebellar folia of day 8 wild-type (+/+) and PDGFRc
hemizygous ( pdgfra™’ ™) littermates; rostral is top. b, Immunoblot analysis of MBP at post-
natal days 5-14 in load-normalized extracts from wild-type and hemizygous littermates; ar-
rows identify the four major MBP isoforms that were fourfold higher in PDGFRcx hemizygous
mice at day 8 but equivalent for both genotypes at day 14.

pups (Fig. 2b), indicating that this precocious emergence did not
affect the ultimate levels of myelin proteins.

PDGF receptor levels also affected the maturation of OPCs
when isolated from the brain (Table 2). In cultures established
from wild type embryos, the 04 pool rapidly expanded (15-fold
increase). Only low numbers of MPB ™ oligos emerged after 14 d,
equivalent to the time of their first emergence (postnatal day 8) in
vivo. In contrast, in PDGFRa "/~ cultures, OPC pool expansion
was dramatically reduced (Table 2). This again may represent
precocious differentiation, because fivefold more MBP * oligo-
dendrocytes were present than in age-matched wild-type sibling
cultures (Table 2). Similar results were also observed in spinal
cord cultures. Together with precocious OPC maturation in vivo,
these results reveal a critical role for pdgfra gene dose, and its
correlated PDGFRa receptor levels, in OPC pool dynamics and
the onset of oligodendrocyte maturation.

Oligodendrocyte maturation in the absence of PDGFR«
We next considered the maturation of OPCs from PDGFRa-null
embryos in vitro. In both brain and spinal cord cultures,
homozygous-nulls had a distinct phenotype from wild-type con-
sistent with precocious OPC maturation. Wild-type cells (Fig. 3a)
expressed early progenitor antigens (PDGFRa ™ and NG2%),
whereas homozygous-null cultures lacked PDGFRa reactivity
but did contain cells with characteristic early progenitor cell mor-
phology, including elaborate processes (Fig. 3¢, arrows). These
cultures also generated cells expressing O4 antigens (Fig. 3d)
found on late-maturation OPCs and young oligodendrocytes.
This population did not increase in brain (Table 2) or spinal cord
cultures, indicating that PDGFRa is essential for the in vitro ex-
pansion of OPC pools from these distinct levels of the neural axis.
The absence of PDGFRa also accelerated the maturation of
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Figure 3.  Emergence of OPCs and oligodendrocytes in pdgfra-null mice. Explant cultures
established from spinal cord of ccR2— 4 mice genotyped as wild-type (a), hemizygous (b), and
homozygous-null (c—e), immunostained with anti-PDGFRcx antibody (a- ¢), monoclonal an-
tibody 04 (d), and anti-MBP (e) are shown. Wild-type but not pdgfra "~ cultures contained
anti-PDGFRq reactive cells, and cultures from pdgfra-null embryos contained 04 * OPCs (d)
and MBP ™ oligodendrocytes (). MBP ™ cell somain pdgfra-null cultures (arrow in e) but notin
wild-type cultures extended numerous processes that terminate at T-intersections on axons
and myelin-like sheaths. Scale bars: (in ¢) a— ¢, 50 wwm; (ine) d, e, 100 Lm.

OPCs. In 14 d cultures from wild-type embryos, <10% of 04 *
cells coexpressed MBP (Table 2). In sibling hemizygous and
homozygous-null cultures, in contrast, all O4-cells were MBP *
(Table 2). Sun et al. (2000) also reported oligos in cultures from
aR2—4/aR2—4 mice. In spinal cord cultures from wild-type
embryos, oligodendrocytes were abundant, and, as described
previously, ventral but not dorsal spinal cord explants were oligo
competent (Noll and Miller, 1993). Rather surprisingly, oligo-
dendrocytes in spinal cord cultures from PDGFRa-null but not
wild-type or hemizygous cultures were also competent to elabo-
rate myelin-like axonal sheaths (Fig. 3e). Thus, the absence of
PDGFRa signaling appears essential for the final stages of oligo-
dendrocyte maturation in vitro.

PDGFRa-coupled signaling pathways in OPC maturation

The above studies define an obligate cell-autonomous role for
PDGFRe in timing OPC maturation. We next addressed the role
of specific downstream signaling pathways. Our approach was by
transfection of PDGFRa-null OPCs with expression vectors en-
coding wild-type (PDGFRa*") or signaling mutant (tyrosine-to-
phenylalanine substitution) receptors. These mutations simply
prevent the transgene-encoded receptors from activating specific
downstream signaling molecules while leaving the intracellular
pathways otherwise intact. To test their efficacy, we first exam-
ined the ability to activate specific pathways in OPC lines stably
transfected with constructs encoding chimeric versions of these
mutant receptors (described in detail below). Mutations uncou-
pling these receptors from PI3K blocked receptor-dependent
PI3K-Akt activation but not the ability to activate other path-
ways, including PLC+y (Ebner et al., 2000). Constructs tested in-
cluded both single (Y731F and Y742F) and double (Y731F/
Y742F) point mutations, indicating that both sites are required to
couple PDGFRa to the PI3K cascade. In contrast, mutations un-
coupling PDGFRa from PLCy (Y1018F) generated receptors in-
tact for PI3K—Akt signaling but defective for intracellular calcium
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Figure 4. Rescue of PDGFRa-null OPCs with wild-type and signaling uncoupled receptor transgenes. a, Point mutations

uncouple PDGFR« from specific second-messenger pathways. Intracellular free calcium in control OPCs (top), OPCs expressing
wild-type receptor transgenes (middle), and OPCs expressing mutant receptor transgenes defective for PLCy activation (bottom).
The analysis used chimeric fms:pdgfra transgenes, and tracings represent the emission ratio (560/520 nm) from individual
fura-2-loaded cells (=40 cells imaged per field) sequentially stimulated with the Fms-specific ligand hCSF and then with
PDGF-AA to activate endogenous PDGFR«x. Vertical arrows in the top panel denote the time of stimulation, and an absence of hCSF
response in the bottom panel identifies PDGFR«x tyrosine 1018 as essential for PLCy activation. b, ¢, Impaired rescue of OPCs and
oligodendrocytes (OL) with point-mutant receptor transgenes. Mean  SEM number of 04 ™ OPCs (b) and MBP * oligodendro-
cytes (c) per well in PDGFRa-null spinal cord explant cultures (1) and parallel cultures after transfection with expression vectors
encoding wild-type (wt) PDGFR (2), PDGFRar '74% (3), or PDGFRax 1" (4). Values in parentheses represent the number of
independent experiments, and asterisks indicate values that are statistically significant from nontransfected control cultures
(*p < 0.05; **p < 0.01).
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Figure 5. PDGFR« activation of PI3K is necessary for OPC migration. The radial dispersion of OPCs in cultures of wild-type (a)
orpdgfra '~ (b—f) spinal cord explants is shown. In ¢—f, pdgfra —/~ cultures were transfected with expression vectors encod-
ing wild-type PDGFRex () or signaling uncoupled PDGFRex 6% (c), PDGFRa Y7#* (e), or PDGFRax 1" (£). The percentage total
0f04 " and MBP ™ cells was determined in concentric circles radial from the edge of individual explants (inner circle in ), and the
graph shows their cumulative numbers in wild-type (circles), homozygous-null (triangles), and transgene rescued null cultures
(squares). OPC/oligodendrocytes (OLs) in pdgfra-null cultures are located within or proximal to spinal cord explants, and the
PDGFRer "7#¥ transgene was unable to rescue this migration defect. Scale bars, 100 um.
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cause transgenes carrying a distinct muta-
tion (PDGFRa”**F) rescued OPC pool
sizes to the same level as wild-type con-
structs (data not shown). Thus, both PI3K
and PLCvy activation are necessary, and
neither appears sufficient, for PDGF-
mediated OPC pool expansion.

The rescue of MBP * oligodendrocytes
with wild-type and PLCy activation-
defective transgenes paralleled the OPC
pool expansion (Fig. 4c), consistent with
OPC pool dynamics regulating the gener-
ation of oligodendrocytes. Both wild-type
and PLCy-defective transgenes generated
twofold higher numbers of MBP-oligos
than control cultures, and both were sig-
nificantly different from the nontrans-
fected controls (p < 0.02). In contrast,
PI3K activation-defective transgenes gave
no net increase in oligodendrocytes (Fig.
4c, lane 3). Because the OPC expansion
was rescued by these PI3K-uncoupled re-
ceptors (Fig. 4b), this suggests an addi-
tional role for PI3K activation in oligoden-
drocytes. One interpretation is prevention
of cell death, because PI3K activity is es-
sential for oligodendrocyte survival (Ve-
muri and McMorris, 1996), although we
have not quantified cell death in these
cultures.

PDGFRa-coupled PI3K is obligate for
OPC migration in vitro

In addition to proliferation defects, OPCs
from PDGFRa-null embryos also had a
migration defect consistent with a role for
PDGF in chemotaxis (Armstrong et al,
1990). Whereas OPCs in wild-type cultures
migrated away from the spinal cord explants
(Fig. 5a), MBP * cells in PDGFRa-null cul-
tures were located within or immediately ad-
jacent to the spinal cord tissue (Fig. 5b,
arrows), with a mean radial dispersion
from the center (238 £ 17 um) that was
less than the average diameter of the tissue
(350 wm). Transfection of these cultures
with PDGFRa transgenes rescued OPC
migration, with many O4 * MBP * cells lo-
cated distal from the explants. Rescue of
migration was obtained with wild-type
PDGFRa, with the PLCy activation-
defective transgene PDGFRa™'*'*F and

release (Fig. 4a). Thus, these mutations generated receptors
whose activation defects are pathway specific.

In studies with aR2—4/aR2—4 cultures, transgenes encoding
PDGFRa™" generated sevenfold more 04" OPCs than mock-
transfected cultures (157 = 31 vs 22 = 3; p < 0.02; Student’s ¢
test) and rescued their pool expansion defect (Fig. 4b). Rescue
with either PI3K or PLCvy activation-defective transgenes, in con-
trast, gave only threefold higher OPCs (Fig. 4b), both of which
were significantly different from control and wild-type rescued
cultures ( p < 0.01). This attenuated rescue with either PI3K or
PLCry activation-defective transgenes was pathway specific, be-

with the PDGFRa Y7%*" construct (Fig. 5¢,d,f). The mean distance
from center for cells in PDGFRa Y '°'8F cultures (350 + 12 um)
was significantly larger than the nontransfected controls (p <
0.01). In contrast, the radial dispersion of cells in the PI3K
activation-defective cultures (Fig. 5e) was significantly lower than
the PDGFRa ¥'"®F cultures (268 + 18 um; p < 0.01) and not
significantly different from nontransfected controls (p = 0.3).
This apparent failure to rescue the migration defect was unlikely
to be an indirect effect on proliferation or survival, because PI3K-
defective transgenes rescued OPC proliferation (Fig. 4b) and be-
cause MBP " oligos survived in these cultures (Fig. 5e). These
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Figure 6.  Combinatorial signaling pathways are required for PDGFRa mitogenic response.

Thymidine incorporation in primary brain OPCs (a, ¢) and in an OPCline (b, d) after transfection
with expression vectors encoding either PI3K-uncoupled (left) or PLCy-uncoupled (right)
PDGFR« transgenes is shown. To circumvent endogenous PDGFR, the analysis used chimeric
fms:pdgfra transgenes, and cells in individual wells were exposed to the indicated levels of the
Fms ligand hCSF. Values (mean == SEM) are representative of at least three independent trials,
and asterisks indicate values for activation-defective chimeras that are significantly different
from their zero ligand controls ( p << 0.05). a, Intact fms transgenes (filled circles), fms:pdgfra
chimeras (open circles), and chimeras with mutations of PDGFRc tyrosine residues 731and 742
(triangles); b, fms:pdgfra chimeras (filled circles) and chimeras with mutations at PDGFRc
tyrosines 731 (open circles), residues 731 and 742 (filled triangles), and with a deletion span-
ning both of these tyrosines (open triangles); ¢, d, chimeras encoding a mutation at PDGFR«
tyrosine 1018 (triangles). For each construct examined, the response was similar in both pri-
mary OPCs and the OPC line, with a lower proliferative index in primary cultures reflecting
limiting cell numbers and transfection efficiency. TdR, Thymidine deoxyribose.

results indicate that PI3K coupling to PDGFRa is necessary for
OPC migration in vitro. Although this does not determine
whether PI3K is sufficient, the results further indicate that PLCy
coupling is not required (Fig. 5f).

A PDGFRa-coupled rheostat controls OPC proliferation
To this point, our results support a critical role for PDGFR« in
the control of OPC pool expansion (proliferation) rather than
early genesis (fate specification) or late maturation (myelination)
and to the coupling of specific pathways to unique responses. We
next examined in more detail the PDGFRa-activated pathways
required for OPC proliferation. Because the numbers of OPCs
from PDGFRa-null cultures were limiting, these studies used
wild-type cells transfected with chimeric (Fms:PDGFRa) recep-
tor constructs with the ligand binding domain of c-fms linked to
the signaling domain of PDGFRa« (Yu et al., 1994; Ebner et al.,
2000). The Fms:PDGFRa chimeras thus circumvent endogenous
PDGFRa and give a PDGF-like signaling response to human
CSF1. Transgene expression was confirmed by anti-Fms immune
staining, and CSF1-dependent chimera stimulation by PI3K ac-
tivation (Ebner et al., 2000), intracellular calcium mobilization
(Fig. 4a, middle panel), and thymidine incorporation (Fig. 6).
The analysis was also performed with both primary OPCs iso-
lated from neonatal rat brain (Fig. 6a,c) and with an OPC line
conditioned for growth in culture (Fig. 6b,d). For both cell pop-
ulations, PDGFRa-activated proliferation required PI3K cou-
pling at low ligand concentrations and required PLCy-coupling
at high concentrations.

Both intact fins and the chimeric fms:PDGFRa receptors gave
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a response to CSF comparable with PDGF activation via endog-
enous PDGFRa, with half-maximal induction of proliferation at
5-10 ng/ml CSF1 (Fig. 6). No CSF response was observed in
nontransfected controls. PI3K activation-defective receptors
(Fig. 6a,b) gave significantly lower thymidine incorporation than
wild-type transgenes at each ligand concentration tested (p <
0.05). At low ligand levels (5 and 10 ng/ml), these receptors gave
only marginal response, and differences with zero ligand controls
were not significant ( p = 0.56; p = 0.74). At higher ligand levels
(20 ng/ml), these receptors gave a thymidine incorporation re-
sponse that was significantly greater than zero ligand controls
(p < 0.01), representing up to 54% maximal response of the
wild-type chimeras. Comparable results were obtained with Fms:
PDGFRa chimeras encoding either single (Y731F) or double
(Y731F/Y742F) mutations and encoding a deletion of residues
710-789 spanning the kinase insert domain (Fig. 6b). In contrast,
PLCy activation-defective receptors gave an apparent wild-type
response at subthreshold levels but no response at the higher
ligand concentrations (Fig. 6¢,d). At low ligand levels (5 and 10
ng/ml), the response was significantly greater than zero ligand
control ( p <0.05) and up to 61% maximal response of wild-type
chimeras. At high ligand levels (20 ng/ml), the response was not
different from zero ligand control ( p = 0.11). Thus, PI3K acti-
vation appears to contribute more to OPC proliferation at low
than at high levels, whereas PLCy-activation was essential at high
but not at low ligand levels.

The cumulative response of OPCs to PI3K and PLCy
activation-defective transgenes predicts that other pathways also
participate in OPC proliferation. Combined thymidine incorpo-
ration (counts per minute minus background) of both transgenes
at the lowest (5 ng/ml) and highest (40 ng/ml) levels tested rep-
resented 85 and 82% of net thymidine incorporation of the wild-
type transgenes, whereas the cumulative response at 10 and 20
ng/ml represented 51 and 63% of the wild-type chimeras. Of a
number of other fins:PDGFRa constructs tested, one deletion (C’
residues 977-1089) and one substitution (Y993F) abrogated mi-
togenic signaling (data not shown). Although the signaling path-
ways linked to Y993 have not been identified (Eriksson et al.,
1995), these results suggest a role for pathways associated with
this PDGFRa domain in OPC proliferation.

Our analysis suggests a “rheostat” model for PDGFRa signal-
ing (Fig. 7c) and predicts that the activation of these pathways
through endogenous PDGFRa would be sensitive to ligand lev-
els. We directly tested this by examining the activation (phos-
phorylation) status of immediate response transducers in both
the PI3K (Akt serine 473) and PLCvyl (tyrosine 783) pathways
(Fig. 7a). For both, we detected a prominent cytoplasmic ring of
immunofluorescence in responsive cells after acute activation
(Fig. 7a), with the numbers of OPCs responding concentration
dependent (Fig. 7b). For Akt, we detected serine 473 phosphory-
lation in 50% of cells at 0.4—1.0 ng/ml ligand, with no significant
increase above background levels at higher ligand concentrations
(Fig. 7b). This cannot reflect a rapid activation then decay of
phosphorylated Akt at higher ligand levels, because decay takes
several hours (Downward, 2004). For PLCy1, maximal phospho-
tyrosine response was observed at the higher levels examined
(Fig. 7b). These results demonstrate that the PI3K and PLCy
pathways are activated at distinct ligand concentrations, and, to-
gether with the proliferation studies (Fig. 6), they suggest that
both pathways are independently required to deliver a full mito-
genic response. Thus, in OPCs, mitogenic signaling through
PDGFRa acts more like a pathway specific rheostat than a generic
ON-OFF signal.
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gradient of PDGF (see Discussion).

Discussion

Our results demonstrate that PDGFRa signaling generates a
graded response rather than a generic “go” and define three novel
aspects of cell-autonomous PDGFRa signaling in OPCs from the
rodent brain and spinal cord. First, the emergence of OPCs in
mice homozygous for a pdgfra-null allele demonstrates that
PDGFRa is dispensable for their genesis. Second, the early emer-
gence of oligodendrocytes in mice heterozygous for a null allele,
and their accelerated maturation in vitro, demonstrates that
PDGEF receptors can be limiting for cell cycle progression and

p-PLCg1(Y783)

the “RTK Rheostat”

b
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Activation of PI3K and PLC-y at distinct ligand levels. a, Phosphorylation of Akt serine 473 (left) and PLCy1 tyrosine
783 (right) in OPCs exposed to PDGF-AA. Activation was scored as positive for individual cells in which immunoreactivity was
concentrated at the plasma membrane (arrows) and negative if diffuse or nondetectable (arrowheads). b, Dose-dependent
phosphorylation of Akt and PLCy; the maximal response observed was at 0.4 ng/ml PDGF for Akt (filled bars) and 40 ng/ml for
PLCy1 (open bars). Values are mean = SEM from four independent trials with 200400 cells per condition, and asterisks
indicates a significant difference from mock-treated control cultures (*p << 0.05; **p << 0.01). ¢, The RTK rheostat; the top symbol
depicts relative extracellular ligand levels (low to high, in arbitrary units), and the bottom symbols depict the activation of PI3K
and PLCy at distinct ligand levels. The model predicts that, at low levels, PDGFRc uses PI3K (which promotes proliferation and
chemotactic migration), whereas at high levels, PDGFR« engages PLCy (which promotes proliferation but is not required for
migration). The model offers a simple mechanism for how OPCs generate directional migration and sustained proliferation in a
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thus part of the machinery regulating the
timing of oligodendrocyte maturation.
Third, the requirement of multiple
PDGFRa-coupled pathways at distinct
signal strengths demonstrates that combi-
natorial signaling pathways contribute to
PDGFRa-promoted OPC proliferation.
Together, these observations support a
role for PDGFRa signal strength, coupled
to distinct downstream signaling path-
ways, in regulating OPC proliferation and
their subsequent maturation.

OPC origins and PDGFR«

The genesis of OPCs in that absence of
PDGFRa was surprising given the early
expression of PDGFRa in SVZ precursors,
the multiple roles of PDGF in OPC matu-
ration, and the critical role of PDGF in reg-
ulating OPC pool dynamics in vivo (van
Heyningen et al., 2001). Both ligand bind-
ing and receptor expression studies reveal
that PDGFRa is the only PDGF receptor
isoform expressed on OPCs (Hart et al.,
1989a; McKinnon et al., 1990). In the early
embryonic spinal cord, PDGFRa expres-
sion is restricted to a narrow ventral lateral
focus proximal to the motor neuron do-
main pMN (Pringle and Richardson, 1993;
Richardson et al., 1997), and pMN has
been proposed to be the singular origin of
OPCs and dedicated to motoneurons and
oligodendrocytes (Lu et al., 2002). Their
codependence on the bHLH (basic helix-
loop-helix) protein Olig2 further suggests
coupled mechanisms for specification
(Zhou and Anderson, 2002) and a com-
mon motor neuron-oligodendrocyte an-
cestry (Lu et al, 2002; Rowitch et al.,
2002). If these pMN-OP progenitors are
the sole source of spinal cord OPCs, then
the current study certainly indicates that
PDGFRa is dispensable for their genesis.
However, our results also lend caution that
PDGFRa expression is not necessarily a
valid marker for identifying all OPCs
in vivo.

An alternative view of glial genesis chal-
lenges a singular origin of oligos in
PMN-OP and is supported by several stud-
ies (Liu and Rao, 2004; Miller, 2005). First,
glial progenitors that can generate oligo-
dendrocytes are present at E13 in dorsal
spinal cord (Lee et al., 2000; Gregori et al., 2002), indicating that
non-pMN foci also have at least the potential to generate oligo-
dendrocytes. Second, PDGFRa expression may not be obligate
for all oligodendrocyte progenitors, because a population of
OPCs emerge from the olfactory anlage independent of PDGFR«
(Spassky et al., 2001). This is also consistent with studies identi-
fying cells expressing early OPC markers in non-pMN regions of
the subventricular zone, including more dorsal (Spassky et al.,
1998) and ventral (Fu et al., 2002; Rowitch et al., 2002) regions.
Finally, evidence for two distinct pools of OPCs as defined by

W, T
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plp/NG2 expression (Mallon et al., 2002) is consistent with the
potential contribution of multiple populations to the generation
of oligodendrocytes. The present study and that of Klinghoffer et
al. (2002) demonstrate OPC and oligodendrocyte formation in
the absence of PDGFR« and formally raise the possibility that
PDGFRa expression neither identifies all OPCs nor is obligate for
OPC development. However, studies to date have not ruled out at
least transient expression of PDGFRe in all OPC pools, and the
contribution of “non-PDGFRa”-expressing cells to oligoden-
drocyte formation remains unresolved.

PDGFRa levels and the timing of

oligodendrocyte maturation

Our results also indicate that PDGFRa may be essential for OPC
pool expansion. Although OPCs emerged in PDGFRa-null mice,
their census was lower than wild type, their ability to expand in
vitro was dramatically impaired, and we did not see the amplifi-
cation of a significant pool of MBP * oligodendrocytes in either
brain or spinal cord cultures (Table 2). These results extend the
findings that PDGF ligand levels are limiting for OPC pool ex-
pansion in vivo (van Heyningen et al., 2001). Our population
studies were by necessity performed in vitro, an environment that
in principal could lack necessary mitogens for the amplification
of a PDGFRa-negative OPC pool. Thus, we cannot directly ad-
dress the relative contribution of potentially distinct (PDGFRa-
positive, PDGFRa-negative) pools to oligodendrocyte formation
in vivo. The accelerated maturation of oligodendrocytes observed
in PDGFRa hemizygous mice also can only be interpreted by
considering PDGFRa-positive OPC pool dynamics, because a
potential PDGFRa-negative pool would presumably not be
affected by this mutation. However, the current data are most
consistent with the interpretation that cells that express
PDGFRa during at least some phase of their maturation con-
stitute a significant fraction of the oligodendrocyte generating
pool in vivo.

The mitogenic response of OPCs to PDGF in vitro is limited,
and the number of mitotic cycles controls the timing of OPC
maturation (Raff et al., 1988). Experimental manipulation of li-
gand levels demonstrated a pivotal role for PDGF levels in myeli-
nation, because transgenic mice lacking PDGF A-chain isoform
have fewer OPCs (Fruttiger et al., 1999), whereas excess PDGF-A
gives overproduction of OPCs that are pruned by cell death
(Calver et al., 1998). Richardson and colleagues have proposed a
mitogen depletion model to account for this (van Heyningen et
al., 2001). PDGF receptor levels also decrease as OPCs mature in
vitro (Hart et al., 1989a,b), and the current study further demon-
strates that PDGFRa gene dosage, and by extension PDGFRa«
levels, affect OPC maturation in vitro and in vivo. These results
implicate PDGFRa levels in OPC pool dynamics, and PDGFRa
levels may be an intrinsic component of the biological clock reg-
ulating oligodendrocyte maturation. PDGF signaling is not likely
the singular mechanism regulating final oligodendrocyte num-
bers, because experimental manipulations of ligand levels do not
affect the levels of myelin at maturity (Calver et al., 1998).

The elaboration of myelin sheaths by PDGFRa-null oligoden-
drocytes in vitro (Fig. 3e) was another unexpected outcome of this
study. Previous attempts to establish efficient, myelin-competent
oligo-neuron cocultures have had relatively limited success
(Vartanian et al., 1999). Oligodendrocytes normally downregu-
late PDGFRa at differentiation, and our results now indicate that
downregulation may be critical for myelination. The lack of en-
sheathment in control cultures further suggests that wild-type
oligodendrocytes may retain some level of PDGFRa signaling in
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vitro that prevents their final maturation. This may reflect the
presence of factors in neuronal cocultures that would not ema-
nate from myelinated axons in vivo.

PDGFRa signaling: combinatorial pathways

Our observation that a full mitogenic response of OPCs via
PDGFRa requires multiple signaling pathways differs from stud-
ies in hepatoma, hematopoetic, and fibroblast cell lines in which
PI3K and PLCyare dispensable (Yu et al., 1994). This may in part
reflect differences in signaling requirements of primary explant
cultures versus immortal cell lines. OPCs require PI3K but not
PLCy activation at low ligand concentrations, although both are
required at high concentrations (Fig. 6). The requirement for
PI3K but not PLCy activation for migration (Fig. 5) further links
specific signaling pathways to unique biological outcomes and
suggests that RTK signaling specificity may be controlled in part
at the level of second-messenger activation. This contrast with
studies in fibroblasts, in which FGF and PDGF activate the same
immediate response genes (Fambrough et al., 1999). Our results
are more consistent with RTKs having intrinsic differences in the
signaling pathways they activate and generate specific responses
based on strength of signal and which pathways are engaged (Si-
mon, 2000). This model is supported by studies in a number of
systems. Quantitative differences in RTK signaling include roles
for receptor density and strength of signal in invertebrates (Re-
bay, 2002) and different levels of MAPK activation by NGF and
EGF during differentiation and proliferation of the pheochromo-
cytoma PC12 cell line (Marshall, 1995). Qualitative differences
include activation of distinct pathways in different cell types by
the EGF receptor in Caenorhabditis elegans (Clandinin et al.,
1998) and activation of PI3K by PDGF but not FGF in OPCs
(Ebner et al., 2000). Substitution studies in mice also demon-
strate that the signaling domains of distinct PDGF receptors are
qualitatively different. The signaling domain of PDGFR« cannot
replace that of PDGFRp in development (Klinghoffer et al.,
2001), and the signaling domains from FGFR1 or Drosophila Tor
cannot replace that of PDGFRe, although it can be replaced by
PDGFRp (Klinghoffer et al., 2002; Hamilton et al., 2003).
These results thus contrast with studies in Drosophila, in
which the signaling domains of distinct RTKs can be function-
ally substituted during development (Dossenbach et al., 2001)
and suggest that RTK signaling systems have gained both spec-
ificity and complexity with tissue specialization during meta-
zoan evolution.

Our findings may also explain why oligodendrocyte survival
requires 200-fold lower levels of PDGF than that required to
promote proliferation (Barres et al,, 1993). PDGF engages
PDGFRa to activate PI3K at low ligand levels (Fig. 7), and PI3K is
required for oligodendrocyte survival (Vemuri and McMorris,
1996). Thus, survival in very low levels of PDGF may represent
specific activation of the PI3K—Akt pathway. This is also consis-
tent with our finding that we could not rescue PDGFRa-null
oligodendrocytes with PI3K activation-defective receptor trans-
genes (Fig. 4¢).

Finally, the RTK rheostat model suggests a novel interpreta-
tion for PDGF-mediated chemoattraction. At low ligand levels,
PDGEF activates PI3K, which stimulates OPC migration, whereas
PDGF at high levels such as within axonal domains secret-
ing PDGF would not. Thus, chemoattraction of OPCs to PDGF
may in part reflect motility at low but not high ligand levels.
Together, these observations suggest that RTKs operate as a rheo-
stat (Fig. 7¢) activating specific biological responses through



McKinnon et al. @ PDGFR« Signaling Specificity

combinatorial signaling pathways proportional to ligand and re-
ceptor density-dependent strength of signal.
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