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not immediately obvious. Although it seemed likely that the adult

cells were descended by lineage from their perinatal counter-

parts this was not formally demonstrated until later, with the

advent of genetic fate-mapping approaches in transgenic mice

(see below). In this article we refer to both the perinatal and adult

cells as NG2-glia.

The sheer number of NG2-glia in the adult brain and their

uniform distribution in both gray and white matter seemed coun-



injury. It also raises a raft of intriguing new questions concerning

the role of myelination during normal adulthood.

Cre-lox Fate Mapping: Potential Pitfalls





generation in the developing cortex, for example (Mission et al.,

1991). The given scenario is consistent with a study using Olig2-

CreER*, in which some astrocytes as well as oligodendrocytes

(and motor neurons) were found among the progeny of Olig2-ex-

pressing neuropithelial precursors in the embryonic ventral

spinal cord (Masahira et al., 2006).

Whatever the precise sequence of events during prenatal glio-

genesis, it now seems likely that NG2-glia do not generate astro-

cytes during normal healthy adulthood. Several Cre-lox

studies—using Pdgfra-CreER* (two independent lines: Rivers

et al., 2008; Kang et al., 2010), NG2-CreER* (Zhu et al., 2011;

see above), and Olig2-CreER* (Dimou et al., 2008) converge on

that conclusion. While some reporter-positive astrocytes were

observed in the cortical gray matter in theOlig2-CreER* line, their

number did not increase significantly between 8 and 65 days

post-tamoxifen administration, indicating that they were not

generated continuously from dividing NG2-glia (Dimou et al.,

2008). It appears that the Olig2-CreER* transgene is expressed

in some protoplasmic astrocytes in the normal gray matter,

resulting in labeling of some of these in addition to NG2-glia.

A subsequent study from the same lab (Simon et al., 2011)

marked NG2-glia in a different way, by long-term BrdU labeling

of 2- to 3-month-old mice, and confirmed that no astrocytes





generation but little or no astrocyte production. An accumulation

of GFAP+ BrdU+ reactive astrocytes was found in the vicinity of

the lesion, as expected, but these were mostly reporter-negative

(i.e., not NG2-glia derived). Very similar results to these were re-

ported following cortical stab wounds in NG2-CreER*: Rosa26-

YFP mice (Komitova et al., 2011). A subsequent BrdU fate

mapping study (Simon et al., 2011) failed to find evidence for

any astrocyte production from dividing NG2-glia after cortical

stab injury. The emerging consensus from these studies is that

the reactive (hypertrophic, strongly GFAP+) astrocytes that form

the glial ‘‘scar’’ around sites of injury in the cortex are derived

predominantly or exclusively from pre-existing astrocytes, not

from NG2-glia. This conclusion has been supported by comple-

mentary experiments in which astrocytes were labeled specifi-

cally by injecting aGLAST-CreER* lentiviral vector into the cortex

of reporter mice, and their fates followed before and after cortical

stab injury (Buffo et al., 2008). Before injury, the labeled astro-

cytes were quiescent (did not incorporate BrdU after a long label)

but, after injury, they started dividing and generated many new

astrocytes, but not other cell types, at the site of the wound.

This also seems to be what happens after spinal cord injury.

Barnabé-Heider et al. (2010) made a transverse cut through the

dorsal funiculus of the spinal cord, severing the ascending and

descending axon tracts. They observed new oligogenesis but

insignificant astrocyte production from NG2-glia (marked using
Olig2-CreER*), despite a robust astrocytic reaction/gliosis.

Most interestingly, they identified two separate components

of the astrocytic reaction—a localized accumulation of GFAP+

astrocytes at the core of the lesion site in the dorsal funiculus

and a more diffuse accumulation/gliosis around the lesion site

and throughout the spinal cord at the level of the injury. These

two components had different cellular origins; the ‘‘core’’ astro-

cytes were derived from multipotent stem cells in the ependy-

mal zone surrounding the central canal of the cord (labeled

with FoxJ1-CreER*), whereas the ‘‘diffuse’’ astrocytes were

derived from pre-existing astrocytes in the parenchyma

(labeled with Connexin30-CreER*). It is curious that Barnabé-

Heider et al. (2010) found that all protoplasmic astrocytes in

the spinal cord were Olig2-immunoreactive in their experi-

ments. Despite this, the Olig2-CreER* transgene did not drive

recombination in astrocytes, perhaps because the level of

CreER* expression was below threshold (see above, under

heading ‘‘Cre-lox Fate Mapping: Potential Pitfalls’’). While this

worked out well for Barnabé-Heider et al. (2010), it does raise

the possibility that Olig2-CreER* might trigger recombination

in astrocytes in addition to oligodendrocyte lineage cells in

some circumstances.

In marked contrast to the above is a study by Tatsumi et al.

(2008), who followed the fates of NG2-glia following freeze-

thaw lesions in the cerebral cortex. They used Olig2-CreER*



2 a26-YFP

in
mice (the same line used by both Dimou et al. [2008] and

Barnabé-Heider et al. [2010]) to mark presumptive NG2-glia prior

to injury and reported a robust proliferative response followed by

production of ‘‘bushy’’ protoplasmic astrocytes between one

and 2 weeks postinjury. Astrocytes appeared to be the major

differentiated product of NG2-glia in this injury model; oligoden-

drocytes were not observed. However, in this study, as in that of

Dimou et al. (2008), Olig2-CreER* triggered recombination in

some protoplasmic astrocytes in addition to NG2-glia in the

uninjured cortex (�20% of reporter-positive cells were astro-

cytes at short times after 4HT administration; Tatsumi et al.,

2008). This leaves open the possibility that the reactive astro-

cytes formed after injury were derived from division of pre-exist-

ing astrocytes. Tatsumi et al. (2008) discounted this idea

because they failed to find BrdU-labeled GFAP+ astrocytes

shortly after injury but it is possible that there could have been

a delayed mitogenic response of astrocytes or slow upregulation

of GFAP in previously GFAP-negative astrocytes, either of which

might have obscured a transient population of BrdU+ astrocytes.

Nevertheless, the apparent absence of oligodendrocyte produc-

tion in the experiments of Tatsumi et al. (2008) marks their study

out from the others; perhaps the particular environment of the

freeze-thaw injury, as compared to stab injury for example,

inhibits NG2-glia from differentiating into oligodendrocytes. It is

important to confirm or refute this observation through cryo-

lesioning experiments in different CreER* mouse lines, because

it could perhaps provide a link to late-stage multiple sclerosis

lesions, in which inhibition of oligodendrocyte differentiation is

thought to contribute to remyelination failure.

Other researchers have examined the response of NG2-glia

during experimentally induced demyelination. In a gliotoxin-

induced focal demyelination model, Zawadzka et al. (2010)

found robust remyelination from NG2-glia (labeled using

Pdgfra-CreER*: Rosa26-YFP)—as expected from previous

studies (Redwine and Armstrong, 1998; Watanabe et al., 2002;

Dawson et al., 2003; reviewed by Franklin and ffrench-Constant,

2008; Figure 1F). A small proportion of YFP+ cells were Aqua-

porin-4+ astrocytes (�3%), but the great majority of reactive

astrocytes were derived from Fgfr3-expressing cells (ependymal

cells and/or preexisting astrocytes) (Young et al., 2010), because

they were YFP-labeled in Fgfr3-CreER*: Rosa26-YFP mice

(Zawadzka et al., 2010). Schwann cells, the myelinating cells of

the peripheral nervous system (PNS), are commonly found in

remyelinating CNS lesions including some human multiple scle-

rosis lesions. Often these remyelinating Schwann cells surround

blood vessels, which in the past has been taken to suggest that

they enter the CNS from the PNS, using the vessels as a migra-

tion route. However Zawadzka et al. (2010) found that most re-

myelinating Schwann cells (Periaxin+) in their CNS lesions were

YFP+ in Pdgfra-CreER*: Rosa26-YFP mice, suggesting that

they were derived from NG2-glia (Figure 1G). In strong support

of this,-423(p7ee)-269(C-xprigodeat)3298(Schwann)-262(cells)-4
 1(were)-26alsoat(labeled4-237(in)]TJ
/T1_1 1 TJ
T*
Olig2ra-C:on Ros



cord, from ependymal cells around the central canal. The latter

cells represent a relatively unexplored population that is a key

target for future investigation. It will be important to discover

whether these cells retain, or can be induced to recapitulate,

some of the neuronogenic flavor of their forebears in the embry-

onic neuroepithelium.

Oligodendrocyte Generation and Myelin Dynamics
in the Adult
Most newly formed oligodendrocytes in the postnatal forebrain

survive long-term and myelinate axons. Myelin formation has

been demonstrated by microinjecting live YFP





et al., 2007) or by physical exercise (Simon et al., 2011). There-

fore, a key research focus for the future is the potential role of

adult myelination in learning and memory and how that might

be affected by the environment.
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Bullmann, T., Härtig, W., Holzer, M., and Arendt, T. (2010). Expression of the
embryonal isoform (0N/3R) of the microtubule-associated protein tau in the
adult rat central nervous system. J. Comp. Neurol. 518, 2538–2553.

Butt, A.M., Duncan, A., Hornby, M.F., Kirvell, S.L., Hunter, A., Levine, J.M., and
Berry, M. (1999). Cells expressing the NG2 antigen contact nodes of Ranvier in
adult CNS white matter. Glia 26, 84–91.

Butt, A.M., Kiff, J., Hubbard, P., and Berry, M. (2002). Synantocytes: new
functions for novel NG2 expressing glia. J. Neurocytol. 31, 551–565.

Butt, A.M., Hamilton, N., Hubbard, P., Pugh, M., and Ibrahim, M. (2005).
Synantocytes: The fifth element. J. Anat. 207, 695–706.

Carew, T.J., and Sahley, C.L. (1986). Invertebrate learning and memory: From
behavior to molecules. Annu. Rev. Neurosci. 9, 435–487.

Chang, A., Nishiyama, A., Peterson, J., Prineas, J., and Trapp, B.D. (2000).
NG2-positive oligodendrocyte progenitor cells in adult human brain and
multiple sclerosis lesions. J. Neurosci. 20, 6404–6412.

Chittajallu, R., Aguirre, A., and Gallo, V. (2004). NG2-positive cells in the mouse
white and grey matter display distinct physiological properties. J. Physiol. 561,
109–122.

Dawson, M.R., Polito, A., Levine, J.M., and Reynolds, R. (2003). NG2-express-
ing glial progenitor cells: An abundant and widespread population of cycling
cells in the adult rat CNS. Mol. Cell. Neurosci. 24, 476–488.

De Biase, L.M., Nishiyama, A., and Bergles, D.E. (2010). Excitability and
synaptic communication within the oligodendrocyte lineage. J. Neurosci. 30,
3600–3611.

Delaunay, D., Heydon, K., Miguez, A., Schwab, M., Nave, K.A., Thomas, J.L.,
Spassky, N., Martinez, S., and Zalc, B. (2009). Genetic tracing of subpopula-
tion neurons in the prethalamus of mice (Mus musculus). J. Comp. Neurol.
512, 74–83.

Diers-Fenger, M., Kirchhoff, F., Kettenmann, H., Levine, J.M., and Trotter, J.
(2001). AN2/NG2 protein-expressing glial progenitor cells in the murine CNS:
Isolation, differentiation, and association with radial glia. Glia 34, 213–228.

Dimou, L., Simon, C., Kirchhoff, F., Takebayashi, H., and Götz, M. (2008).
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