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SUMMARY

Oligodendrocyte precursors (OPs) continue to prolif-
erate and generate myelinating oligodendrocytes
(OLs) well into adulthood. It is not known whether
adult-born OLs ensheath previously unmyelinated
axons or remodel existing myelin. We quantified OP
division and OL production in different regions of
the adult mouse CNS including the 4-month-old optic
nerve, in which practically all axons are already
myelinated. Even there, all OPs were dividing and
generating new OLs and myelin at a rate higher
than can be explained by first-time myelination of
naked axons. We conclude that adult-born OLs in
the optic nerve are engaged in myelin remodeling,
either replacing OLs that die in service or intercalat-
ing among existing myelin sheaths. The latter would
predict that average internode length should
decrease with age. Consistent with that, we found
that adult-born OLs elaborated much shorter but
many more internodes than OLs generated during
early postnatal life.

INTRODUCTION

The great majority of myelin-forming oligodendrocytes (OLs) are

born in the early postnatal period (the first 4 weeks in mice) by

differentiation of proliferative, migratory OL precursors (OPs).

However, OPs continue to divide and generate new-myelinating

OLs well into adulthood (Dimou et al., 2008; Rivers et al., 2008;

Psachoulia et al., 2009; Kang et al., 2010; Zhu et al., 2011;

reviewed by Richardson et al., 2011). The functional role of

adult-born OLs is not known. Some brain regions such as the

cortical gray matter and subcortical white matter contain

a majority of unmyelinated axons even in 8-month-old mice, so

it is conceivable that adult-born OLs simply myelinate the previ-

ously unmyelinated axons in those regions, perhaps changing
the functionality of that circuit and contributing in some way

to neural plasticity (e.g., motor skills learning) (Fields, 2008;

Richardson et al., 2011;

callosum, which contains a majority of unmyelinated axons

(>70%) (Sturrock, 1980
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than in gray matter and that the rate of OP proliferation declines

with age (Psachoulia et al., 2009). However, contrary to our

previous bromodeoxyuridine (BrdU) labeling experiments,
which suggested that around half of OPs are mitotically inactive

(Psachoulia et al., 2009), cumulative labeling with EdU indicates

that all OPs are cycling (growth fraction [GF] = 100%), both in

gray and white matter.

We extended these observations to other parts of the CNS:

the spinal cord gray and white matter (Figure 2A–2G) and the

optic nerve, an exclusively white matter tract (Figure 2H–2K).

At both P21 and P60, all OPs in these regions were mitotically

active (Figure 2G and 2K). Furthermore, the cell cycle slowed

down with age in each of these regions (Table 1). Cell-cycle

time was not the same in all white matter regions; at P60, TC
was�10 days in corpus callosum,�15 days in spinal cord white

matter, and�20 days in optic nerve (Table 1). TCwas also longer

in P60 cortical gray matter (�36 days) than in spinal cord gray

matter (�27 days). Nevertheless, there was a general trend for

OPs in gray matter to cycle more slowly than those in white

matter (Table 1).

OPs Generate Differentiated OLs throughout
the Adult CNS
We followed the fates of OPs inPdgfra-CreERT2: R26R-YFPmice

following tamoxifen administration at P60. At various times after

tamoxifen, sections of brain (Figures 3A and 3B), spinal cord

(Figures 3C and 3D), and optic nerve (Figure 3E) were immunola-

beled for yellow florescent protein (YFP) and the adenomatous

polyposis coli (APC) antigen, recognized by monoclonal anti-

body CC1, to detect newly differentiated OLs. Newly generated

YFP+,CC1+ OLs were readily detected in all regions of the CNS,

even at short times after the first dose of tamoxifen (e.g., after

7 days, P60+7), and they continued to accumulate until at least

P60+320 (Figure 3F). As YFP+ cells acquired CC1 reactivity,

they lost expression of Pdgfra. For example, at P60+42, 61% ±

3% of YFP+ cells in the spinal cord white matter were Pdgfra+

and 41% ± 3% were CC1+. In the spinal cord gray matter,

61% ± 5% were Pdgfra+ and 34% ± 6% were CC1+. Consistent

with our previous experiments in which we examined OL genesis

in the forebrain at P45 (Rivers et al., 2008) or P240 (Psachoulia

et al., 2009), the rate of OL genesis in the motor cortex was

significantly lower than in the corpus callosum. In fact, new

YFP+, CC1+ OLs accumulated more rapidly in all white matter

regions examined compared to the gray matter. Surprisingly,

production of long-term-surviving OLs was similar in the highly

myelinated optic nerve and the partially myelinated corpus

callosum (Figure 3F); in both regions, �65% of YFP+ cells

were CC1+ at P60+320 (69% ± 4% and 64% ± 2% in corpus

callosum and optic nerve, respectively). This implies that the

probability of a given OP differentiating into an OL during a given

time period is similar in both tracts. Because the number-density

of OPs is fairly uniform throughout the CNS, including the optic

nerve (
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formedmyelinating OLs bymorphology (Butt et al., 1994; McIver

et al., 2005), we crossed Pdgfra-CreERT2 with Tau-mGFP

reporter mice (Hippenmeyer et al., 2005). Tau-mGFP is active

in neurons and OLs but not in OPs or other neural cells

(Richter-Landsberg and Gorath, 1999) and is superior to Rosa-

YFP for revealing OL morphology, either because the Tau

promoter is more active than Rosa or because membrane-

inserted green fluorescent protein (mGFP) is better than cyto-

plasmic YFP at revealing slender OL cell processes including

the external tongue process, although it is still excluded from

compact myelin (see Figure 7).

We administered tamoxifen to P45 (Figure S3) and P60Pdgfra-

CreERT2: Tau-mGFP mice (Figure 4). At P60+37, mGFP+ cells in

the corpus callosum had small, spherical cell bodies with

numerous rod-like processes that ran parallel to each other in

the direction of the axons (Figure 4B). In the motor cortex, the

cell processes were less dense, less numerous, and more

randomly oriented but myelin profiles were still evident (Fig-

ure 4A). This is the anticipated morphology of an OL in the

cortex because axons in gray matter are not all aligned with

one another as they are in white matter (Murtie et al., 2007; Vinet

et al., 2010) and is consistent with the myelinating morphology

previously reported for adult-born cortical OLs (Kang et al.,

2010; Zhu et al., 2011). Like new OLs in the motor cortex, new

OLs added to the adult spinal cord gray matter were highly

branched cells, with processes extending in all directions (Fig-

ure 4D). OLs added to the spinal cord white matter (Figure 4E)

and the optic nerve (Figures 4C and 4F) had many parallel

mGFP+ internodes like those in the corpus callosum. All

mGFP+ cells were Olig2+, a few of which were NG2+ (Stallcup

and Beasley, 1987), indicating that they were all OL lineage.303 0 T



Figure 4. Adult-Born Myelinating OLs in

Spinal Cord and Optic Nerve

(A–F) Sections of cerebral cortex and corpus

callosum (A and B), spinal cord gray and white

matter (D and E), and optic nerve (C and F) from

P60+37 Pdgfra-CreERT2: Tau-mGFP mice were

immunolabeled with anti-GFP (green) and mono-

clonal CC1 (red). mGFP+, CC1+ myelinating OLs

are shown (arrowheads). Shown are compressed
OLs, so there is a large disparity between the proportion of

new myelin that is laid down in the optic nerve after P120

(�6.5% of the total) and the proportion of axons that remains

unmyelinated at that time (�1%) (Honjin et al., 1977; Dangata

et al., 1996).

Late-Born OLs Generate Many More, Shorter Internodes
Than Early-Born OLs
We used the Tau-mGFP reporter strain to compare the

morphology of OLs born between P30 and P60 (P30+30) to

those born between P120 and P185 (P120+65) (Figure 6). In

optic nerves of both P30+30 (Figure 6A) and P120+65 (Figures

6B and 6C) Pdgfra-CreERT2: Tau-mGFP mice, individual

mGFP+ OLs elaborated many internodes on different axons.

However, early-born OLs produced fewer, longer internodes

than their late-born counterparts (Figure 6D); individual OLs

born between P30 and P60 possessed 21 ± 7 internodes
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Figure 5. Differentiated OLs Are Generated

in the Optic Nerve after Four Months of Age

(A and B) Sections of optic nerve from P120+65

Pdgfra-CreERT2: R26R-YFP mice were immuno-

labeled with anti-GFP (YFP+ cells; green), mono-
those at P30+30 (�76 mm) and P120+65 (�22 mm), con-<5otlTn

that internode length is deterlTned primarily by the age at which

the myelin is laid down rather than by the time elapsed since its

formation.

We identi-<5oed newly formed myelin sheaths in the electr

microscope, both by dialTnobenzidTne (DAB) immunohisto-

chemistry and immunogold labeling, identifyTng recently formed

internodes by their association with an mGFP



cell division by BrdU (see Figure S2). Now, by cumulative labeling

with EdU (which does not require antigen retrieval), we are able

to label all OPs throughout the adult CNS (GFz100%), indicating

that all OPs are capable of undergoing cell division (Clarke et al.,

2012; this paper).
Age-Dependent Rate of Division
By underestimating GF 2-fold, we previously underestimated



TC in the cortical graymatter of P60mice to be�36 days, in close

agreement with a recent estimate of �37 days in 2- to 3-month-

old mice (Simon et al., 2011). We reported previously that TC in

the cortical gray matter increases linearly with age from

early postnatal ages until at least P540 (Psachoulia et al.,

2009). This remarkable conclusion still stands, although the

rate of increase with time is greater than previously estimated:

for every day after birth, TC in the cortical gray matter increases

by about two-thirds of a day, not one-third as previously

estimated (Psachoulia et al., 2009). In the present study, we

show that TC increases with age not only in the cortical gray

andwhitematter but also in the spinal cord gray andwhitematter

and in the optic nerve (Table 1). Our data are in keeping with

a recent study that reported age-dependent slowing of the OP

cell cycle in the mouse spinal cord (Lasiene et al., 2009).

Control of OP Proliferation by Axons?
Age is not the only factor that influences the proliferative rate of

OPs. In the P60 spinal cord, for example, OPs in the gray matter

divided more slowly (TC z27 days) than in the white matter

(TC z15 days). In the P60 optic nerve (an exclusively white

matter tract), OPs proliferated more slowly (TC z20 days) than

in either spinal cord white matter (TC z15 days) or corpus

callosum (TC z10 days) (Table 1). Moreover, OPs in either the

cortical or spinal cord gray matter were dividing more slowly

(TC z36 or 27 days, respectively) than in any of the white matter

regions examined. These data suggest that the local environ-

ment strongly affects the proliferation rate of OPs. The fact that

there are many more unmyelinated axons in the adult corpus

callosum (TC z10 days) than in the optic nerve (TC z20 days)
suggests that the local density of unmyelinated axons might be

one factor that influences local proliferation rates, perhaps

because mitogens are released from or associated with the

surfaces of unmyelinated axons. Against this idea, we showed

previously that an important neuron-derived OP mitogen,

platelet-derived growth factor (A-chain homodimers, Pdgf-AA),

is released from neuronal cell bodies in the retina but not from

their axons in the optic nerve (Fruttiger et al., 2000). It is possible

that naked axons exert an indirect mitogenic effect in white

matter; for example, through activity-driven release of Pdgf or

other mitogens from local astrocytes, as suggested by Barres

and Raff (1993). Cell-intrinsic differences in the proliferative

properties of OPs from different CNS regions have also been

reported (Power et al., 2002).

A Significant Fraction of Adult-Born OLs Survive
Long-Term
It has been estimated that �



additional cells were to differentiate into OLs and survive, and

assuming that the cell-cycle time continues to increase linearly

with age after P60 at the same rate that it increases between

P21 and P60 (Table 1), then we can calculate that 77% of all

YFP+ cells in the corpus callosum of P60+42 Pdgfra-CreERT2:

R26R-YFP mice should be CC1+ OLs (see Supplemental

Experimental Procedures). In fact, we found by experiment

that �50% of YFP+ cells were CC1+ OLs (Figure 3F), so �30%



contains many more unmyelinated axons (>70% remain unmy-

elinated in 8-month-old mice; Sturrock, 1980).

Our data suggest that the majority of adult-born internodes in

the optic nerve are not engaged in de novo myelination but

instead must replace or remodel pre-existing myelin. One possi-

bility is that there is continuous death and replacement of OLs,

each dying OL being replaced in its entirety by one or more

new OLs. In this scenario, the fact that late-formed internodes

are shorter than their early-formed counterparts would imply

that each ‘‘old’’ internode of a putative dying OL is replaced by
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