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Cellular/Molecular

Specification of Optic Nerve Oligodendrocyte Precursors by
Retinal Ganglion Cell Axons

Limin Gao and Robert H. Miller

Department of Neurosciences, Case Western Reserve University, Cleveland, Ohio 44106

Cell fate commitment in the developing CNS frequently depends on localized cell- cell interactions. In the avian visual system the optic
nerve oligodendrocytes are derived from founder cells located at the floor of the third ventricle. Here we show that the induction of these
founder cells is directly dependent on signaling from the retinal ganglion cell (RGC) axons. The appearance of oligodendrocyte precursor
cells (OPCs) correlates with the projection of RGC axons, and early eye removal dramatically reduces the number of OPCs. In vitro
signaling from retinal neurites induces OPCs in responsive tissue. Retinal axon induction of OPCs is dependent on sonic hedgehog (Shh)
and neuregulin signaling, and the inhibition of either signal reduces OPCinduction in vivo and in vitro. The dependence of OPCs on retinal
axonal cues appears to be a common phenomenon, because ocular retardation (or') mice lacking optic nerve have dramatically reduced

OPCs in the midline of the third ventricle.
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Introduction
During development the oligodendrocytes, the myelinating cells
of the vertebrate CNS, are derived from founder cells that arise in
spatially restricted regions of the ventricular zone. For example,
in the spinal cord the ventral motor neuron progenitor (pMN)
domain initially generates motor neurons and subsequently the
oligodendrocyte precursor cells (OPCs) (Miller, 1996; Lu et al.,
2000). The specification of this domain is a reflection of local
sonic hedgehog (Shh) signaling, and the generation of the differ-
ent cell types reflects the concomitant action of a number of
transcription factors, including oligodendrocyte type 2 (Olig2)
(Lu et al., 2000; Zhou et al., 2000), neurogenin (Sommer et al.,
1996; Perez et al., 1999), and neurokinin 2 transcription factor-
related 2 (Nkx2.2) (Briscoe et al., 1999; Soula et al., 2001; Zhou et
al., 2001; Wordinger et al., 2002). The specification of motor
neurons and OPCs is temporally distinct. Motor neurons arise
several days before OPCs (Tanabe and Jessell, 1996), the specifi-
cation of which depends on continued Shh (Orentas and Miller,
1996) and local Notch-6 mediated cell-cell interactions (Park
and Appel, 2003). In the forebrain distinct subsets of oligoden-
drocytes also arise in specific domains and disperse widely (Kes-
saris et al., 2006), whereas optic nerve oligodendrocytes are de-
rived from cells in the floor of the third ventricle (Small et al.,
1987; Ono et al., 1997).

The mechanism of optic nerve OPC specification is unclear. Early
in development the expression of Shh by the prechordal mesoderm
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contributes to the specification of ventral midline cells (Dale et al.,
1997); however, OPCsarise later after eye development. In avians the
retinal differentiation occurs at approximately stage 20 [embryonic
day 3 (E3)] (Snow and Robson, 1994; Austin et al., 1995; McCabe et
al,, 1999), and retinal axons reach the forebrain at approximately
stages 27-29 (E5-E6) (Halfter, 1987), concomitant with the initial
appearance of OPCs (Ono et al., 1997).

Axons express molecular cues important in the induction of
OPCs. In Drosophila, retinal axon-derived hedgehog triggers neuro-
genesis in the brain visual centers (Huang and Kunes, 1996). Like-
wise, avian ganglion cells express Shh (Spence and Robson, 1989;
Prada et al., 1992; McCabe et al., 1999; Zhang and Yang, 2001),
whereas rat retinal ganglion cell (RGC) axon-derived Shh promotes
astrocyte proliferation (Wallace and Raff, 1999). Neuregulin-1, im-
portant in Schwann cell and oligodendrocyte development (Canoll
et al.,, 1996, 1999; Gassmann and Lemke, 1997; Vartanian et al.,
1999), also is expressed by RGCs (Meyer and Birchmeier, 1994;
Bermingham-McDonogh et al., 1996) and promotes the survival of
optic nerve oligodendrocytes (Fernandez et al., 2000) and thickness
of PNS myelin (Michailov et al., 2004).

Here we demonstrate that the appearance of chick OPCs in the
floor of the third ventricle is correlated temporally with and depen-
dent on retinal axon projection to the brain. Retinal axons can in-
duce OPCs in vitro, and in vivo the retinal axons are required for the
appearance of optic nerve OPCs. Axonal induction of OPCs is de-
pendent on Shh and neuregulin and is not restricted to the chick
visual system. The ocular retardation mutant (or’) mice (Burmeister
et al,, 1996), which lack an optic nerve, have dramatically reduced
numbers of OPCs at the floor of the third ventricle.

Materials and Methods

Embryos and surgery. Fertilized White Leghorn chicken eggs (Squire Val-
ley View Farms, Cleveland, OH) were incubated and staged. To generate
eyeless animals, we windowed stages 1821 (E3) eggs and removed both



7620 - J. Neurosci., July 19,2006 - 26(29):7619-7628

8A2

of the eyes of the embryos with forceps. Then
the eggs were taped and returned to the incuba-
tor until the desired developmental stage.

or! mice. The or mice were obtained from
The Jackson Laboratory (Bar Harbor, ME). The
genotypes of the animals were determined as
described previously (Burmeister et al., 1996).

Lipophilic dye labeling. To identify unambig-
uously the source of axons that associated with
OPCs in the floor of the third ventricle, we la-
beled optic axons from one eye with the
lipophilic ~ dye  1,1'-dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate
(Dil). A small cut was made in one stage 27 (E5)
chicken retina, and Dil crystals were inserted
into the eyeball. The eggs were taped and re-
turned to the incubator until stage 31 (E7). Em-
bryos were fixed with 4% paraformaldehyde
(PFA), and coronal sections were cut on a vi-
bratome (VT 1000S; Leica, Nussloch, Ger-
many). Sections were labeled with monoclonal
antibody (mAb) O4, and coincident localiza-
tion of O4™ cells and Dil-labeled axons was
examined.

Cyclopamine and anti-neuregulin antibody
injection. To inhibit putative signaling via the
hedgehog pathway, we dissolved cyclopamine
(Toronto Research Chemicals, Toronto, On-
tario, Canada) in 45% (w/v) 2-hydroxypropyl-
B-cyclodextrin (HBC; Sigma-Aldrich) in PBS
and mixed it with 0.9% sodium chloride solution at 1:1 for injection.
Stage 12 eggs were windowed, and 70 ul of either cyclopamine/HBC/
PBS/0.9%NaCl or HBC/PBS/0.9% NaCl was placed on top of the em-
bryos from stage 19 to stage 29 (E2-E6). Similarly, embryos were exposed
to anti-neuregulin (anti-NRG) antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) from stage 21 to stage 29 (E3—E6). Embryos were killed
at stage 29 (E6) or stage 31 (E7). NRG expression was assayed by Western
blotting according to standard protocols (Brady-Kalnay et al., 1995).
Anti-B-actin (Santa Cruz Biotechnology) antibody was used as a loading
control.

Explant and cell cultures. For explant cocultures the stage 24 (E4) chick
spinal cords were isolated as previously described (Orentas et al., 1999)
and divided into dorsal and ventral regions. Age-matched retinas were
dissected, and explants were prepared. Explants were positioned at dif-
ferent distances apart and grown in growth factor-depleted Matrigel ma-
trix (BD Biosciences, San Jose, CA) in DMEM/F-12 medium containing
10 ng/ml platelet-derived growth factor (PDGF), 0.5% FBS-C, N2 sup-
plement, and L-glutamine. After 3-5 d the cultures were fixed with 4%
PFA and labeled with mAb O4.

For cocultures of dissociated cells and explants stage 24 (E4) chick
retinal explants were grown on coverslips coated with poly-L-lysine and
laminin for 2 d; dorsal spinal cord cells from stage 24 (E4) quails were
added at a density of 2.0 X 107 cells/coverslip (Miller et al., 1997) and
grown for 4 d. Cultures were labeled with mAb O4 and quail cell-specific
perinuclear antigen (QCPN; Developmental Studies Hybridoma Bank,
University of Iowa, Iowa City, [A).

For conditioned medium the stage 24 chick retinal explants were
grown in DMEM/F-12 containing 0.5% FBS-C, N2 supplement, and
L-glutamine for 72 h. Media were filtered and used ata 1:1 ratio with fresh
DMEM/F-12 medium containing 10 ng/ml PDGF, N2 supplement, and
L-glutamine for dissociated cell cultures. 5E1 antibody (Developmental
Studies Hybridoma Bank) and anti-NRG antibody were added to the
culture. Cyclopamine (Toronto Research Chemicals) was dissolved in
DMSO and added to explants or dissociated cell cultures at the time of
plating.

Compartmentalized explant cocultures were established as described
by Campenot (1977). Stage 24 chick retina explants were plated into the
center compartment for 2-3 weeks until the RGCs extended their axons
to the side chambers. Stage 24 chick dorsal spinal cord explants were
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The appearance of founder OPCs at the third ventricle ventral midline correlates with retinal projections. 4, To obtain
an overview of RGC projections, we labeled coronal sections at the level of the optic chiasm (oc) with mAb 8A2 at E7. Retinal axons
traverse the optic nerve (on) and are localized immediately dorsal to the ventral midline. The earliest detectable oligodendrocyte
precursors arise in the floor of the third ventricle at ES as shown by mAb 04 labeling (B, arrow), and the number of cells
subsequently increases, as demonstrated by Nkx2.2 labeling at E7 (C). D, To demonstrate retinal projections directly, we labeled
the axons of one optic nerve with Dil at stage 27 (E5) and examined them at stage 31 (E7). E, High magnification of boxed inset in
D. F, Double labeling with mAb 04 demonstrates the coincidence of retinal projections and OPCs in the floor of the third ventricle
at E7. The third ventricle floor is indicated by an arrow in A; the third ventricle is outlined in B—F. Scale bars: 4, 50 um; B-D, 125

added to the side chambers and grown for another 4 d. To ensure that
there was no leakage of medium between compartments, we added 32pto
the center compartment. At 1 h later the media in the side compartments
were assayed for radioactivity. Those cultures without leakage were fixed
with 4% PFA and labeled with mAb O4.

In situ hybridization and immunohistochemical staining. Stages 2627
(E5) and stage 31 (E7) chick embryos were decapitated and fixed with 4%
PFA in phosphate buffer (PB) at 4°C and transferred to 30% sucrose in
PB overnight. Sections were labeled and photographed as previously
described (Ono et al., 1995). In situ hybridization (ISH) of Shh was
performed at 72°C as described previously (Schaeren-Wiemers and
Gerfin-Moser, 1993) with minor modifications. For ISH of neuregulin
the RNA probes corresponding to the full-length pro-acetylcholine
receptor-inducing activity-1 (pro-ARIA-1) 2.3 kb sequence (Loeb et al.,
1999) were used, and the hybridization was performed at 52°C.

For immunofluorescent staining the whole brain and optic nerves
were dissected, fixed with 4% PFA, embedded in 5% agar, and sectioned
at 50— 80 wm on a vibratome. Sections were collected in PBS and labeled
with mAb O4, anti-Patched (Santa Cruz Biotechnology), and Nkx2.2
(Developmental Studies Hybridoma Bank) as described previously (Ono
et al., 1995).

Results

The appearance of optic nerve OPCs correlates with

retinal projection

Optic nerve oligodendrocytes develop from cells in the floor of
the third ventricle directly dorsal to the optic chiasm. These
cells or their progeny then populate the optic nerve before
differentiating and myelinating (Ono et al., 1997). To deter-
mine whether the appearance of OPCs at the midline of the
third ventricle correlates with retinal axon growth to the chi-
asm, we labeled sections of chick embryos with mAb O4 and
Nkx2.2, markers of OPCs, and mAb 8A2 that identifies an
antigen selectively expressed on RGC axons (Drazba et al.,
1991). As in spinal cord, O4 specifically identifies chick optic
nerve OPCs as demonstrated by the complete loss of O1*
oligodendrocytes after O4 complement lyses, the coincident
expression of O4 and O1, and the >98% appearance of O1 *



Gao and Miller e Axonal Induction of Optic Nerve Oligodendrocytes

control

control

Figure2.

co-culture

Retinal cues are capable of inducing OPCs in responsive tissue. Inisolation, neither stage 24 (E4) dorsal spinal cord (A,
B) nor retinal explants (C, D) generated significant numbers of 04 * OPCs after 4 d. In contrast, in spinal cord/retina cocultures
significant numbers of OPCs developed after 35 d (E). F, High magnification of boxed inset in E. G—L, Cocultures of chick retina
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Retinal cues induce

oligodendrocyte precursors

To determine whether the retina was capa-
ble of inducing OPCs, we grew retinal ex-
plants in isolation or cocultured them with
inducible tissue derived from embryonic
dorsal spinal cord (Orentas et al., 1999). In
isolation, neither stage 24 retinal (24 of 24)
explants nor the majority (84%) of dorsal
spinal cord explants (65 of 77) gave rise to
significant numbers of oligodendrocytes
(Fig. 2A-D). In contrast, in retinal/spinal
cord cocultures after 3-5 d many O4™
OPCs were detected that were associated
predominantly with the dorsal spinal cord
explants (65 of 66) (Fig. 2 E, F). The induc-
tion of OPCs was dependent on the spatial
separation of the explants. When dorsal
explants were within 400 wm of retinal ex-
plants, 80% (39 of 49) contained 10-100
OPCs, whereas beyond 800 um just 25%
(1 of 4) contained any OPCs. Because of
the close proximity of the explants and the
highly migratory behavior of OPCs (Small
etal.,, 1987), the origin of the induced cells
was unclear. To define unambiguously the
source of OPCs, we double-labeled cocul-
tures of chick retinal explants and quail
dorsal spinal cord cells with mAb O4 and
the quail-specific marker QCPN (Burns
and Douarin, 1998). When quail dorsal
spinal cord cells were cultured alone for
4d, no 04" cells were detected, although
all of the cells were QCPN " (Fig. 2G,H).
In contrast, in retina/spinal cord cocul-
tures substantial numbers of OPCs devel-
oped (Fig. 2I-L), and all of the 04 * OPCs
were derived from QCPN ™ dorsal spinal
cord cells. These studies indicate that sig-
nals from developing retina are competent
to induce oligodendrocyte precursors in
responsive tissue.

with quail dorsal spinal cord cells demonstrated spinal cord, not retina, as the OPCsource. Inisolation, quail dorsal spinal cord cells

did not generate OPCs, although all of the cells were labeled with mAb QCPN (G, H). In coculture with chick retinal explants for 4 d,
many 04 * cells developed (/), and all of these were quail-derived, as shown by QCPN labeling (asterisks) (J-L). L, High magni-
fication of boxed inset in K. D, Dorsal spinal cord; R, retinal-derived tissue. Scale bars: A-D, 50 m; E, 100 wm; F, 200 wm; G-L,

100 pum.

oligodendrocytes in pan-purified O4 * cultures (Ono et al.,
1995). The earliest OPCs were detected in the floor of the third
ventricle at approximately stage 27 (E5), ~1 d after retinal
axons grew into and through the optic nerve (Rager, 1980). At
stage 31 (E7) 8A2 labeling was detected in the optic nerve,
optic chiasm, and optic tract (Fig. 1A). At the floor of the third
ventricle the retinal axons closely apposed the O4 */Nkx2.2*
OPCs (Fig. 1B,C), suggesting that cues from retinal axons
contributed to the induction of OPCs in this region. To define
more closely the spatial associations between retinal axons and
ventricularly located OPCs, we labeled one eye with Dil at
stage 27 (E5) and killed the embryos at stage 31 (E7). Sections
at the level of the optic chiasm (Fig. 1 D-F) demonstrated RGC
axons directly below the midline of the third ventricle and in
close proximity to ventricular O4 * OPCs.

Retinal neurites induce OPCs in vitro

The induction of OPCs by retina may re-
flect the secretion of soluble cues from
neuronal cell bodies and/or signaling by
axons. To test the capacity of axons to in-
duce oligodendrocytes in vitro, we plated retinal explants in the
central chamber of compartmentalized cultures, and their pro-
cesses were allowed to grow into the lateral chambers (Fig. 3A).
Oligodendrocyte-inducible stage 24 (E4) dorsal spinal cord ex-
plants were added to lateral chambers, and the cocultures were
grown for an additional 4 d before being labeled with mAb O4. In
the absence of retinal explants >70% of spinal cord explants
contained no O4 ™" cells (36 of 47), and ~17% of explants (8 of
47) contained between 1 and 10 cells (Fig. 3D). In contrast, in the
presence of retinal neurites 100% of spinal cord explants (51 of
51) contained O4 ™ cells and >90% (47 of 51) had >10 04 * cells
(Fig. 3B—D). The induction of OPCs in lateral chambers was not
aresult of diffusion of cues from the central chamber, because no
mixing of media was detected in 22 of 25 compartmental cultures
via **P analyses. The relative distribution of OPCs and axon bun-
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Figure 3.  Retinal neurites are capable of inducing OPCs. A, To determine whether retinal
axons had OPC inductive properties, we grew retinal explants in the central compartment of
Campenot chambers and cultured them for 14 d to allow neurites to grow to the side chambers.
B, C, Dorsal spinal cord explants (stage 24; E4) were added to the side chambers and labeled
with mAb 04 after 4 d. In regions rich in neurites (between arrows), many 04 * cells developed
thatwere oriented along the neurites (B). D, Quantification of 04 * cell numbers demonstrated
a robust induction of OPCs by retinal neurites. Data represent the total number of explants
containing different numbers of 04 * cellsin each condition (n = 47 and 51 explants for control
and experimental, respectively, from 3 different preparations). Scale bar (in B), 100 m.

dles in lateral compartments suggested that neurite induction
was highly localized. Explants not directly associated with neu-
rites contained fewer OPCs, and in some cases only regions of the
explant adjacent to neurites contained OPCs (Fig. 3B, C).

Retinal projections are required for OPC appearance in the
floor of the third ventricle

The correlation of OPC appearance and axonal projections com-
bined with the ability of RGC neurites to induce OPCs in vitro
suggests a model in which the appearance of optic nerve OPCs is
a consequence of RGC axon growth to the brain. To determine
whether RGC axons were required for OPC appearance, we re-
moved one or both eyes from chick embryos at stage 21 (E3)
before the majority of axons had grown to the brain (Trousse et
al., 2001) and the effects on OPC appearance had been assayed.
Eye removal did not significantly compromise embryo viability
up to stage 37 (E11) (Fig. 4A,B), and OPC development was
compared at stage 31 (E7), several stages after their normal initial
appearance (Ono et al.,, 1997). Control embryos contained >300
04" OPCs per embryo (Fig. 4C) in the floor of the third ventri-
cle. These cells were not distributed uniformly along the rostro-
caudal axis. A peak of cells (~80 cells) correlated with the center
of the optic nerve (Fig. 4]). After unilateral eye removal the OPCs
were localized similarly, although the number was reduced
slightly. In contrast, in eyeless animals the total number of OPCs
per embryo was reduced by >65% (300 control vs 100 experi-
mental; n = 6) (Fig. 4D), and the distribution shifted caudally
(Fig. 4]). The reduction in cell number in eyeless animals was
consistent with a requirement for optic axons in OPC induction,
although eye removal resulted in morphological changes in the
floor of the third ventricle (Fig. 4, compare C,D). To assess
whether the lack of OPCs in eyeless animals reflected secondary
tissue perturbation or a lack of cell specification, we established
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explants from the third ventricle midline of E6 control and eye-
less embryos, and the number of OPCs was quantified after 2 d in
vitro. In control cultures (n = 3) >70% of explants contained
between 10 and 100 O4 ™ cells, and the remainder contained
>100 OPCs (Fig. 4 F, G,K). Removal of one eye resulted in a slight
reduction in the number of OPCs that developed. For example,
>70% of control explants, but only 36% of one-eyed animal
explants, contained between 10 and 100 OPCs (Fig. 4 K). Explants
derived from eyeless animals developed significantly fewer OPCs
than controls. The proportion of explants lacking OPCs in-
creased from 0 in control to 15% in eyeless animals. More signif-
icantly, ~35% of eyeless explants contained <10 OPCs, and only
8% contained >100 OPCs (Fig. 4H,LK). Together, these data
strongly suggest a requirement for retinal axons in optic nerve
OPC appearance. The influence of RGCs was localized to the
floor of the third ventricle. Oligodendrocyte precursors in the
lateral domains of the third ventricle were unaffected in eyeless
animals (Fig. 4E).

Retinal induction of OPCs in vitro is dependent on

Shh signaling

In the spinal cord ventrally derived oligodendrocytes are depen-
dent on Shh signaling, whereas a subpopulation of dorsally de-
rived OPCs is Shh-independent (Chandran et al., 2003; Cai et al.,
2005; Vallstedt et al., 2005). To address whether the retinal induc-
tion of optic nerve OPCs was dependent on hedgehog (hh), we
assayed the effect of cyclopamine, an inhibitor of hh signaling
(Stone et al., 1996). Retinal conditioned medium increased four-
fold the number of OPCs that developed in dorsal spinal cord
cultures (Fig. 5A-D). This inductive activity was inhibited com-
pletely by the addition of cyclopamine (Fig. 5E,F). Similarly,
OPC induction by retinal coculture was inhibited by cyclopam-
ine such that 47% of spinal cord explants lacked OPCs, with
residual cells seen only in those explants most closely apposed to
retinal explants (Fig. 5H-J). More critically, the ability of retinal
neurites to induce oligodendrocytes in compartmental chambers
also was blocked by the addition of cyclopamine (Fig. 5K-M).
For example, although >90% of spinal cord explants contained
>10 OPCs in the presence of retinal neurites, only 2% of explants
contained >10 cells in the parallel cultures grown in the presence
of cyclopamine. These data suggest that retinal induction of
OPCs is mainly dependent on hh signaling but do not define the
specific member of the hh family. To address whether this induc-
tion was mediated by Shh, we repeated the experiments in the
presence of mAb 5E1 specifically to block Shh. As with cyclopam-
ine treatment, retinal induction of oligodendrocytes essentially
was eliminated by function blocking the 5E1 treatment in a
concentration-dependent manner, indicating a dependence on
Shh signaling (Fig. 5G).

Induction of OPCs in vivo requires Shh signaling

The ability of 5EI to block retinal induction of OPCs in vitro
suggested that Shh may be required in vivo for the specification
of optic nerve OPCs as well as in earlier neural patterning
events (Dale et al., 1997; Orentas et al., 1999; Nery et al., 2001;
Soula et al., 2001). To distinguish between early and late Shh-
dependent events, we injected embryos with cyclopamine
starting at stage 19 (E2), a time during normal development
when Shh expression is lost from the prechordal mesoderm
and becomes restricted to the notochord caudal to the fore-
limbs (Dale et al., 1997), until stage 29 (E6) and killed them at
stage 31 (E7) when O4™ OPCs are clearly detectable at the
ventral midline of the third ventricle (Ono et al., 1997). The
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Figure 4. Retinal projections are required for OPC induction at the third ventricle midline. One (A) or both (B) eyes were
removed from embryos at stage 21 (E3), and the animals were allowed to develop until stage 31 (E7). In control animals, many
04 * OPCs were present at the third ventricle floor (arrow) at E7 (€) but were absent or greatly reduced (arrow) in eyeless animals
(D). E,04 ™ OPCs in the lateral region of the third ventricle were not affected by the removal of both eyes. F, G, The residual OPCs
in the floor of the third ventricle were located more caudally in eyeless animals. H, I, Explants derived from the floor of the third
ventricle of eyeless animals at stage 29 (E6) demonstrated a reduced ability to generate OPCs after 48 h in vitro. J, Quantification
of 04 ™ cell numbers demonstrated a significant reduction of 04 ™ cells in the floor of the third ventricle in eyeless animals. K,
Comparison of OPC development in control and eyeless animals. Although all control explants contained >10 OPCs, 50% of
explants from eyeless animals had <<10 OPCs. Data represent the proportion of explants containing different cell numbers from
three different preparations. Scale bars: (~E, 25 um; F-1, 50 m.
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Figure 5. Retinal induction of OPCs is dependent on hedgehog signaling. A-F, Stage 24 (E4) retinal explant conditioned
medium induces OPCs in stage 24 (E4) dorsal spinal cord cells after 4 d. 4, B, Control cultures containing few OPCs. C, D, Retinal (M
induces significant numbers of OPCs. E, F, This induction is inhibited by treatment with cyclopamine. G, Quantification of 04 ™
cells in cultures treated with Shh function-blocking mAb 5ET shows that the induction is inhibited in a dose-dependent manner.
Error bars represent SD (3 different preparations). H, I, In cocultures of retinal and dorsal spinal cord explants, the induction of OPCs
is reduced significantly by cyclopamine treatment. J, Quantification of 04 ™ cells in control cocultures and cocultures treated with
cyclopamine. K, L, Likewise, the inductive capacity of retinal neurites in the Campenot chambers is blocked by the addition of
cyclopamine to the lateral chamber. M, Quantification of 04 * cells in Campenot chambers. Scale bars (in D, K), 50 um.

induction of 04 cells was reduced dramatically in animals
exposed to cyclopamine. Although control animals contained
300+ OPCs, cyclopamine-treated animals had <25 (Fig.
6A,B). In contrast to eye removal that selectively inhibited
OPCs in the floor of the third ventricle, cyclopamine injection
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blocked OPC induction in both the floor
and lateral aspects of ventricle, suggest-
ing that in both regions the majority of
OPCs was Shh-dependent (Fig. 6A,B).
The morphology of cyclopamine-treated
animals was altered slightly, with a thick-
ening of the ventral and ventrolateral
wall of the third ventricle (Fig. 6 B) that
indirectly might inhibit OPC induction.
To circumvent the effect of such second-
ary patterning, we compared OPC devel-
opment in explants derived from the
ventricular midline of E6 control and
cyclopamine-treated animals. In con-
trols all explants contained significant
numbers of OPCs, with ~70% (43 of 63)
having >100 04" cells after 48 h (Fig.
6C,D,I). In contrast, >85% of
cyclopamine-treated explants lacked
047 cells, and only two of 76 explants
had >100 cells (Fig. 6 E,F,I). These data
demonstrate a requirement for hh in the
normal development of optic nerve
OPCs. To define the timing of Shh sig-
naling, we incubated isolated explants
with cyclopamine after removal from
control animals at stage 27 (E5), and the
development of OPCs was assayed. The
reduction in OPC numbers, although
significant (11.8% as compared with
36.6% control explants contained 100+
OPCs), was less dramatic than that seen
in animals that received cyclopamine in-
jections for 4 d (Fig. 6G, H,]). Together,
these data demonstrate that induction of
optic nerve OPCs is dependent on con-
tinued Shh signaling after the initial pat-
terning of rostral CNS.

Shh expression at the third ventricle
floor is derived from retinal projections
The expression of Shh was correlated spa-
tially and temporally with optic nerve ax-
onal growth to the optic chiasm. Labeling
of coronal sections of stage 31 (E7) ani-
mals with mAb 5E1 demonstrated labeling
at the floor of the third ventricle associated
with the optic chiasm as well as in more
lateral ventricular regions (Fig. 6K). Re-
moval of both eyes resulted in a loss of Shh
labeling in the region of the third ventricle
floor while lateral labeling was retained
(Fig. 6L), suggesting that the ventral ex-
pression of Shh depended on optic axon
projections. To determine whether the
ventral Shh was induced locally by RGC
axons or was derived from RGC axons, we
performed ShhISH on coronal sections. At

stage 27 (E5) Shh expression was detected in only the lateral
ventricular regions, but not the floor of the third ventricle at the
chiasmal level (Fig. 6N), although expression was detected in
more caudal sections without optic nerve (data not shown). At
stage 31 (E7) Shh mRNA expression was similar (Fig. 60) and was
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unaltered by removal of both eyes at stage
21 (E3) (Fig. 6 P), indicating that Shh was
not induced locally by, but derived from,
RGC axons. To determine the location of
Shh-responding cells, we labeled sections
of stage 31 (E7) embryos with antibodies
to the Shh binding protein Patched.
Patched labeling was distributed widely in
the ventral and lateral ventricular regions
of the third ventricle, with particularly
strong expression in the floor of the third
ventricle (Fig. 6 M) coincident with the ex-
pression of Shh.

Retinal-derived neuregulin is required

for normal optic nerve OPC appearance
Neuregulin-1 has been implicated in OPC
development and is expressed by RGCs
(Bermingham-McDonogh et al., 1996;
Vartanian et al., 1999; Fernandez et al.,
2000). To determine whether retinal in-
duction of OPCs is dependent on NRG, we
tested the effect of function-blocking anti-
NRG antibody. Retinal conditioned me-
dium induced a fourfold to fivefold in-
crease in spinal cord cultures, and this
induction was inhibited significantly by
the addition of anti-NRG antibody (Fig.
7A-F,G), suggesting that retinal-derived
neuregulin contributed to the appearance
of OPCs. To determine whether neuregu-
lin was involved in vivo, we assayed its ex-
pression in the third ventricle floor and
associated optic chiasm region in normal
and eyeless animals by ISH and Western
blot analyses. NRG mRNA was not de-
tected in the floor of the third ventricle and
optic chiasmal region when we used a full-
length chicken pro-ARIA probe (Loeb et
al., 1999). In contrast, Western blot analy-
ses showed that in normal animals the
NRG protein was expressed strongly at
stage 29 (E6), and this expression was re-
duced significantly in eyeless embryos
(Fig. 7]), suggesting that retinal axons are
the source of NRG expression in this re-
gion. To determine whether NRG is re-
quired for optic nerve OPC appearance in
vivo, we injected function-blocking anti-
NRG antibody into chick embryos daily
from stage 21 to stage 29 (E3-E6). Quan-
tification of OPCs at stage 31 (E7) demon-
strated a significant reduction of OPCs in
anti-NRG antibody-treated animals, con-
sistent with a requirement for NRG in op-
tic nerve OPC development (Fig. 71,]).

Retinal axonal requirement for murine
optic nerve OPC induction

To determine whether retinal axons are re-
quired for OPC development in other spe-
cies, we assayed the or’ mice that have mu-
tations in the ChxI0 gene leading to
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Figure 6.  Appearance of OPCs at the midline of the third ventricle is blocked by cyclopamine treatment, and localized
Shh expression is absent in eyeless animals. A, B, Exposure to cyclopamine between stage 21 (E3) and stage 29 (E6)
inhibited the normal development of OPCs lining the third ventricle. CH, Explants derived from the third ventricle floor
developed reduced numbers of 04 * cells after cyclopamine exposure. Shown are control explants (C, D), explants from
cyclopamine-injected animals (E, F), and explants exposed to cyclopamine in vitro (G, H). I, Quantification of OPCs in
explants from animals exposed to cyclopamine. J, Quantification of OPCs in explants treated with cyclopamine after
removal from the naive animals. The reduction in OPC number was greater in explants from animals exposed to cyclopam-
ine (/) thanin explants treated with cyclopamine after removal (/), suggesting that OPCinduction occurred before explant
establishment. K, Shh is detectable by mAb 5E1 staining in the chiasmal region (arrow) of the optic nerve only in the
presence of optic nerve axons. L, In eyeless animals, the labeling is lost, although it is retained in lateral aspects of the third
ventricle (arrowhead). M, Expression of patched is detected at the floor of the third ventricle. N, 0, In wild-type embryos
atstage 27 (E5) and stage 31 (E7) Shh mRNA is not expressed at the floor of the third ventricle adjacent to the optic chiasm,
although it is expressed laterally (on, optic nerve). P, At stage 31 (E7) in eyeless embryos the pattern of Shh mRNA
expression was not altered significantly. Scale bars: 4, B, M, 0, P, 100 wm; C—H, K, L, N, 50 um.
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induced by retinal (M. E, F, This induction is blocked with function-blocking anti-NRG antibody. G, Quantification of 04 * cells in
cultures with different treatments. Error bars represent SD. H, I, Inhibition of NRG signaling between stage 21 (E3) and stage 29
(E6) significantly reduces the number of OPCs that develop at the floor of the third ventricle at stage 31 (E7). H shows a control
animal, and / shows an anti-NRG-treated animal. J, The expression of NRG at the floor of the third ventricle is dependent on optic

Retinal-derived neuregulinis required for normal OPCappearance. A-F, The ability of retinal conditioned medium to
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the third ventricle and a local reduction in
Shh and NRG expression. On the basis of
these observations we propose that exten-
sion of RGC axons to the chiasm region
induces cells in the overlying floor of the
third ventricle to commit to the oligoden-
drocyte lineage; the progeny of these cells
subsequently populate and myelinate the
optic nerve. The dramatic reduction of
OPCs in the o7’/ mice suggests that the de-
pendence on axonal cues for the develop-
ment of optic nerve OPCs is a general phe-
nomenon in the development of the visual
system.

The interactions between axons and
OPC:s are critical throughout the develop-
ment of oligodendrocytes. In the optic
nerve the axons modulate the later stages
of OPC development and establish the ap-
propriate number of oligodendrocytes to
ensure effective myelination (Barres and
Raff, 1994). For example, transection of
the postnatal rat optic nerve dramatically
reduces the number of axons in the nerve,
and the number of oligodendrocytes also
is reduced dramatically (David et al.,
1984). Likewise, in transgenic animals in
which RGC numbers are elevated, there is
a concomitant increase in the number of
oligodendrocytes (Burne et al., 1996). This
axonal regulation of oligodendrocyte cell
number most likely reflects the activity of a
number of different survival and growth

projections and is lost in eyeless animals. Scale bars (in D, I): 50 wm.

reduced proliferation of retinal progenitors (Burmeister et al.,
1996) and thatlack an optic nerve (Theiler etal., 1976; Robb et al.,
1978; Silver and Robb, 1979). In wild-type mice a group of
Olig2 " presumptive OPCs was detected at E15.5 in the floor of
the third ventricle dorsal to the developing optic chiasm and optic
nerves. Sections either rostral or caudal to the optic chiasm con-
tained no Olig2 * cells at the ventral midline (Fig. 8 A), suggesting
that OPCs are induced by retinal axons. Consistent with this
notion, in o7 mice that lack an optic nerve Olig2 * cells were
absent from the ventral midline at the equivalent level of the optic
chiasm (Fig. 8 B). Furthermore, in vitro culture of the explants of
the floor of the third ventricle also demonstrated a dramatic re-
duction of 04 " cells in o/ mice as compared with wild-type mice
(data not shown).

Discussion

Oligodendrocyte precursors arise in specific locations of the neu-
ral tube during development; however, the cellular interactions
mediating their initial appearance are unknown. In the avian
optic nerve oligodendrocytes develop from OPCs at the ventral
midline of the third ventricle, and here we show that the appear-
ance of these founder cells is dependent on RGC axons. Retinal
cell bodies and their processes induce OPCs in responsive tissues,
and this induction requires Shh and NRG signaling. In vivo,
blocking Shh or NRG signaling inhibits oligodendrocyte devel-
opment throughout the CNS, whereas removal of the eyes before
optic axon growth results in a selective loss of OPCs in the floor of

factors, including PDGF, which is a major
mitogen and survival factor for cells of the
oligodendrocyte lineage (Calver et al.,
1998). In transgenic animals expressing el-
evated PDGF excess the OPCs are generated, but the numbers
normalize during development (Calver et al., 1998). Likewise,
elevation of PDGF levels in the optic nerve results in increased
numbers of oligodendrocyte lineage cells (Noble et al., 1988).
Establishment of the appropriate number of mature oligoden-
drocytes reflects the control of apoptotic cell death (Raff et al.,
1993), mediated by competition for limiting levels of survival
factors supplied by adjacent axons (Barres and Raff, 1994).
Whether the initial induction of OPCs in the third ventricle floor
by optic axons represents suppression of cell death is unclear. No
significant increase in apoptosis was detected in eyeless animals;
however, the number of cells potentially affected is relatively
small, and this CNS region is characterized by relatively high
levels of cell death in normal animals (Silver et al., 1987). Alter-
natively, ingrowth of optic axons might promote elevated levels
of proliferation of preexisting OPCs in the floor of the third ven-
tricle. This is unlikely, however, because in normal animals the
earliest detectable OPCs in the third ventricle floor have low lev-
els of proliferation when compared with cells in the optic nerve
(Ono et al., 2001). Furthermore, bromodeoxyuridine (BrdU) in-
corporation studies have failed to detect a significant change in
proliferating cells after eye removal as compared with normal
animals. Together, these data raise the possibility that the role of
optic axons is to promote instructively the commitment of neu-
roepithelial cells to the oligodendrocyte lineage.
The finding that axonally derived cues or innervation modu-
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Figure 8.
innervation. A, In wild-type mice, a spatially distinct group of Olig2 * cells is presentin the floor
of the third ventricle immediately dorsal to the developing optic chiasm and optic nerves at
E15.5. Sections either rostral or caudal to the optic chiasm contain no Olig2 * cells at the ventral
midline. B, In or’ mutant animals that fail to develop a normal retina and optic nerve, the
0lig2 ™ cells are absent from the ventral midline at the level of the residual optic chiasm. Scale
bar, 50 m.

The appearance of mouse optic nerve oligodendrocyte precursors requires RGC

lates target cell fate is not restricted to the oligodendrocyte lin-
eage. In Drosophila the growth of optic axons to the brain stimu-
lates neurogenesis in the visual centers (Huang and Kunes, 1996).
In the periphery the acquisition of fast or slow muscle phenotype
is modulated by the nature of the innervating neurons (Windisch
et al., 1998), whereas innervation of skeletal muscle results in
multiple molecular responses, including clustering of acetylcho-
line receptors and assembly of the postsynaptic machinery (Role
et al., 1985; McMahan, 1990; Gautam et al., 1996).

The molecular mechanisms mediating axonal interactions
with their target cells are shared in several different systems, with
the outcomes dependent on the interacting cells. In Drosophila
the hh signaling mediates the effects of the optic axons on subse-
quent brain development (Huang and Kunes, 1996). Shh is also
important in a variety of tissue patterning, including lung devel-
opment and limb formation (Bellusci et al., 1997; Dillon et al.,
2003). In the spinal cord Shh is a ventralizing signal essential for
the formation of motor neurons and other ventrally derived cells,
including the majority of oligodendrocytes (Miller, 2002; Row-
itch, 2004). In such caudal regions Shh secreted from notochord
and floor plate cells was thought to induce a cell characterized by
the expression of the transcription factor Olig2 that initially gen-
erated motor neurons and subsequently the OPCs (Lu et al.,
2000; Zhou et al., 2000). More recent studies, however, suggest
that the appearance of oligodendrocyte precursors and the role of
Olig2 ™ cells are more complex. Although the ancestors to both
motor neurons and oligodendrocytes transiently express Olig2,
they apparently are unrelated (Mukouyama et al., 2006; Wu et al.,
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2006). These data are more consistent with an early segregation of
neuron and glial lineages as implied by in vitro studies (Noble et
al., 2004) and suggest that changes in local cell-cell interactions
(Park and Appel, 2003) or expression of transcription factors
upstream of Olig2 and Nkx2.2 (Zhou et al., 2001) control early
cell fate choices in this region of the CNS. The subsequent devel-
opment of OPCs is dependent on the expression of Shh after the
majority of motor neurons is formed (Orentas et al., 1999). In the
induction of optic nerve OPCs Shh also appears to be important
at multiple stages. The initial dorsoventral polarization of the
third ventricle is dependent on Shh signaling (Ekker et al., 1995).
The continued expression of Shh in the ventral midline acts as a
chemoattractant for axonal growth (Charron et al., 2003) and
specifically RGCs in the visual system (Trousse et al., 2001). Ret-
inal ganglia cells express Shh, and its release from axons promotes
optic nerve astrocyte precursor proliferation (Wallace and Raff,
1999). During the induction of OPCs both the in vitro and the
timing of the in vivo data suggest a direct effect of the axonal-
derived Shh in OPC induction. On the basis of these observations
we propose that Shh has several specific roles in the development
of the ventral midline, which culminates with the induction of
OPCs from neuroepithelial cells by appropriately targeted retinal
axon growth.

The induction of optic nerve OPCs by retinal axons is depen-
dent on multiple molecular cues. Blocking NRG signaling inhib-
its the appearance of retinal-induced OPCs. Previous studies
have implicated NRG in the regulation of different stages of OPC
development. For example, NRG is required for early OPC devel-
opment (Vartanian et al., 1999) and promotes the survival of
mature OPCs (Fernandez et al., 2000). The differential develop-
mental dependence on NRG signaling is more evident in the PNS
where NRG promotes neural crest stem cells to glial lineage at
E10.5 (Shah et al., 1996), enhances the survival of Schwann cell
precursors at E15-E16 (Dong et al., 1995), and stimulates prolif-
eration of mature Schwann cells at postnatal day 0—1 (Mar-
chionnietal., 1993; Levi et al., 1995). Whether this NRG has to be
derived axonally is unclear, although axonal NRG levels recently
have been demonstrated to regulate myelination directly by
Schwann cells (Michailov et al., 2004). Our studies suggest that,
although both Shh and NRG are required for the appearance of
optic nerve OPCs, they may not be sufficient for the commitment
of neural epithelial cells to the oligodendrocyte lineage. For ex-
ample, retinal conditioned medium effectively induces OPCs in
dorsal spinal cord cultures, whereas the addition of soluble Shh or
NRG singly or in combination does not, although they are func-
tional in other systems (Vartanian et al., 1997). It may be either
that additional molecules such as neurotransmitters like gluta-
mate (Yuan et al., 1998) are released by retinal cells or that the
ligands have to be presented to responsive cells in a precise man-
ner. One possibility is that, because both Shh and NRG bind
extracellular matrix (ECM) components, both axonal signaling
and conditioned medium effects may depend on neuronal-
derived ECM (ffrench-Constant et al., 1988).

Eye removal dramatically reduced the appearance of oligo-
dendrocytes at the ventral midline; however, a small population
of cells remained in all experimental embryos. Several explana-
tions may account for these cells. Both spinal cord and forebrain
contain multiple sources of OPCs that differ in inductive cues
(Kessaris et al., 2006), and in spinal cord ventrally, but not dor-
sally, derived cells are dependent on Shh (Cai et al., 2005; Vallst-
edt et al., 2005). Such diversity seems unlikely to account for the
OPCs remaining after eye removal, because they were eliminated
totally by cyclopamine treatment. More likely, the residual cells
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result from axonal signaling from nasal retinal axons that escaped
resection or other axons that project close to the source. For
example, in rodents the origin of OPCs has been termed “the
knot,” and olfactory axons project close to its caudal boundary
(Schwob and Price, 1984).

Axonal regulation of OPC induction may have important im-
plications for myelin repair in demyelinating diseases such as
multiple sclerosis (MS). In the adult CNS the recruitment of
OPCs from adult neural stem cells may depend on local axonal
cues, and loss of axonal integrity (Chang et al., 2002) may con-
tribute to the ultimate failure of myelin repair in some MS
lesions.
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