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What Are the Characteristics of Cycling Cells in the Adult
Central Nervous System?
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Abstract Many regions of the adult central nervous system contain cycling cells. Such cells comprise a relatively
small fraction of the total population of the CNS.Work over decades has attempted to determine the normal fates of these
cells and their fates under pathological conditions. The recent interest in ‘‘stem’’ cells and ‘‘progenitors’’ in the adult CNS
has sparked a much revived exploration into the nature of these cells and in the signals by which they may be induced to
differentiate intomatureneurons or glia. This populationhas not yet been fully characterized, although it has becomeclear
that this is a heterogeneous group of cells, differing in morphology, antigen expression, migratory capacity, and potential
fates. J. Cell. Biochem. 88: 20–23, 2003. � 2002 Wiley-Liss, Inc.
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Recent attention has focused on the ability of
the mammalian CNS to generate new inter-
neurons in the dentate gyrus of the hippocam-
pus and in the olfactory bulb well into adult life.
The immediate source of these neurons are
populations of dividing cells in the subgranular
layer of the hippocampus and the subventricu-
lar zone, respectively [summarized in Seri and
Alvarez-Buylla, 2002]. The possibility of neuro-
genesis in other areas of the adult brain, such as
the cerebral cortex, has generated a thriving
controversy, in part because of differences in the
techniques of labeling and identifying specific
cell types and in the interpretations of the
results [see Gould and Gross, 2002; Rakic,
2002].

DIVIDING CELLS IN THE ADULT CNS

The initial studies that discovered cycling
cells in the adult CNS used 3H-thymidine as
a marker for DNA synthesis, concluding that

dividing cells gave rise to postmitotic (thus
mature) neurons and glia [see e.g., Smart
and Leblond, 1961; Altman, 1969; Kaplan and
Hinds, 1977; Paterson, 1983; McCarthy and
Leblond,1988].Suchcellsaredistributedwidely
throughout the CNS, both in gray and white
matter, although concentrated particularly in
the residual subventricular zone around the
lateral ventricles and in the subgranular zone of
the hippocampus. The labeled cells were cate-
gorized in autoradiograms by their nuclear
morphology at the light microscopic level and
by the fine details of their nuclei and cytoplasm
at the electron microscopic level. Some labeled
cells were identified as neurons, astrocytes, and
oligodendrocytes, and in general this identifica-
tion was not problematic. However, many of the
cycling cells did not easily fit into a mature
category, and thus their nature was unclear.
Although mitotic labeling, with thymidine or
BrdU, is a powerful method for finding and
visualizing dividing cells, it does have limita-
tions. For one thing, cells that continue to divide
over and over again after being initially labeled
will eventually lose the label by dilution. Thus,
the fates of these dividing cells cannot be
followed. In addition, it is difficult to follow cell
migration by mitotic labeling. Thus, if one finds
a labeled cell in one specific area of the CNS
(such as the neocortex), one has to decide
whether it divided at some distance from that
area and migrated in or whether it represents a
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dividing cell resident to that area. This can be a
difficult, or impossible, distinction (see below for
a discussion of heritable markers to follow cell
migration). Finally, immature cells that were
not proliferating at the time of thymidine
labeling and either did not require proliferation
to acquire mature characteristics or divided
when the thymidine was no longer available
would not be detected. Whether such cells exist
is not clear.

WHERE DO NEW NEURONS AND GLIA
COME FROM IN THE ADULT CNS?

In one setting, neuroblasts are generated at
one site and thenmigrate to another site, where
they fully differentiate and integrate into the
existing neural circuitry. Thus, in the olfactory
bulb, dividing neuronal progenitors are gener-
ated in the subventricular zone around the
lateral ventricle and thenmigrate rostrally into
the bulb. Thismigratory pathway is established
in the embryonic period and is maintained
throughout life [Luskin, 1993; Doetsch and
Alvarez-Buylla, 1996]. Alvarez-Buylla and col-
leagues have argued that these neuroblasts
originate in a population within the adult sub-
ventricular zone that has some characteristics
of astrocytes, such as the expression of the
intermediate filament, glial fibrillary acidic
protein [Alvarez-Buylla and Garcia-Verdugo,
2002].
In another setting, neurons are generated

more locally, and have to migrate a short dis-
tance to intercalate into local circuits. Thus,
dividing progenitors in the hilum of the dentate
gyrus must move only microns to reach the
granule cell layer. In this region, the progeni-
tors are also generated from cells that share
characteristics with astrocytes [Seri et al.,
2001].
In addition, recent studies that potential

neurons, and indeed multipotent cells, exist
in many brain regions in addition to the SVZ
and hippocampus, including neocortex, amyg-
dala, striatum, retina, and spinal cord [e.g.,
Kirschenbaum et al., 1994; Weiss et al., 1996;
Marmur et al., 1998; Johansson et al., 1999;
Palmer et al., 1999; Tropepe et al., 2000; Horner
et al., 2000; Arsenijevic et al., 2001]. In most of
the studies, the presence of these immature
cells has been inferred retroactively, i.e., by
finding some, as yet unidentified, population(s)
that under the influence of growth factors,

principally epidermal growth factor and basic
fibroblast growth factor, are able to generate
neurons and glia. Identifying the nature of
these cells in vivo (i.e., prior to their differentia-
tion into mature elements) has been more dif-
ficult. It is also not clear that all of such cells
were dividing in vivo, prior to removal from the
CNS.

Two strategies have emerged to characterize
the nature of the immature cells: direct cell
isolation and cell fate tracing with heritable
markers. In the first, cells are isolated from the
CNS, using dissection of specific regions and
enzymatic and mechanical dissociation, fol-
lowed by gradient centrifugation [Vick et al.,
1990; Armstrong et al., 1992; Palmer et al.,
1999; Roy et al., 1999; Gensert and Goldman,
2001]. Theo Palmer’s work and ours shows that
this procedure leads to a great enrichment for
cells that had been cycling in vivo, as deter-
mined by labeling with BrdU prior to cell iso-
lation, and does not isolate mature neurons,
astrocytes, or oligodendrocytes [Gensert and
Goldman, 2001]. Cells can be directly analyzed
[see for e.g., Mason and Goldman, 2002] or cul-
tured under a variety of conditions. Steven
Goldman and colleagues have further added a
step in which the isolated cells are infected with
adenoviruses that encode green fluorescent
protein (GFP) under the control of a promoter
expressed by immature neural cells (such as
nestin or musashi) or early oligodendrocytes
(CNPase). The fluorescent population can then
be isolated by fluorescence activated cell sorting
[Roy et al., 1999; summarized inGoldman et al.,
2002].

Immature cells taken from mature white
matter or cortex represent a heterogeneous
population, many of which will acquire in
culture the characteristics of oligodendrocytes
or astrocytes within a short time [Roy et al.,
1999; Gensert and Goldman, 2001]. In addition,
several studies also indicate thatneurons canbe
generated, at least in culture, from immature
cells in adult white matter, cells that had
previously thought to belong to glial lineages
[Roy et al., 1999; Kondo and Raff, 2000]. These
cells are unlikely to be identical to the ‘‘astro-
cytic’’ stem cells in the SVZ and hippocampus.
For one thing, isolated cells do not express
GFAP. In contrast, in our studies, cycling cells
that express the early oligodendrocyte marker,
O4, as well as cells that express an earlier, less
specific lineage marker, A2B5, can be isolated

Cycling Cells in the Adult CNS 21



from both white matter and cortex of the adult
rat [Gensert and Goldman, 2001] and then
rapidly induced by bFGF to acquire neuronal
characteristics (Mason,Lin,Ventura,Goldman,
unpublished data).

The second strategy, cell fate mapping with
heritable markers, has utilized replication-
deficient retroviruses to introduce reporters or
other genes of interest into dividing cells so that
one can follow all of the progeny of a cell that has
integrated the retrovirus into its genome [see
for example, Walsh and Cepko, 1992; Luskin,
1993]. Furthermore, if one can control the
specific region into which a retrovirus is placed,
and thus label cells in a circumscribed volume,
one can then trace themigration of those cells to
other regions of the CNS (even imaging migra-
tion, as in neonatal rat forebrain; [Kakita and
Goldman, 1999]). This approach has been used
extensively in embryonic and neonatal CNS,
but less so in the adult brain.

One study labeling dividing cells in adult rat
white matter concluded that they do not mig-
rate into neighboring regions or differentiate
into mature neurons or glia under normal con-
ditions [Gensert andGoldman, 1996]. However,
after a demyelinating lesion, they will develop
intomyelinating oligodendrocytes [Gensert and
Goldman, 1997]. Thus, the pathological condi-
tion induces these cells to differentiate into
oligodendrocytes, or removes whatever constra-
ints may normally inhibit their differentiation.
Little is known of the molecular controls that
keep these cells immature and mitotically
active. Examining the interactions of immature
cells with their mature neighbors might reveal
cell–cell contacts that inhibit differentiation.
Alternatively, in the case of oligodendrocytes,
the levels of mitogens might be high enough to
allow some cells to continue cycling, but under
normal conditions, there would be no myelina-
table axons available. Demyelination would
then allow contact between immature cells and
axons, resulting in differentiation signals for
the glial cells.

ARE PROGENITORS ABLE TO MIGRATE
THROUGH THE CNS SO THAT THEY CAN
PROVIDE NEW NEURONS AND GLIA AT
SITES DISTANT FROM THEIR ORIGINS?

With the exception of the olfactory tract, there
has been no unequivocal data that endogenous
progenitors migrate to distant sites to colonize

the adult brain. In the olfactory tract (rostral
migratory stream, RMS) a specialized route is
maintained throughout adult life. However, no
such routes appear to exist in other regions of
the CNS. For example, the radial glia along
which progenitors migrate during development
have largely disappeared by adult life, either by
conversion to astrocytes or by cell death, inmost
regions of the CNS.Where they have remained,
they may themselves generate neurons or they
may not be accessible to progenitors or they
may not be any progenitors that are situated to
take advantage of a migratory path. In the
cerebellum, for instance, Bergmann glia persist
throughout life, but the immature cells of the
external germinative layer eventually disap-
pear [Altman and Bayer, 1996].

In the telencephalon, progenitors in the SVZ
migrate into the cortex for about the first 2
weeks of life in the rat CNS, but thereafter do
not appear to do so [Levison et al., 1993],
perhaps because radial glial tracks into the
cortex have disappeared. At that time, however,
progenitors still migrate from the SVZ into and
along the white matter.

We should not rule out the possibility of pro-
genitor migration through the CNS, especially
in pathological circumstances. Magavi et al.
[2000] have inferred that cells of the SVZ
emigrate therefrom into theoverlyingneocortex
after death of layer 6 cortico-thalamic projection
neurons since they observed cells expressing
doublecortin andBrdU.While this study did not
directly visualize migration, the findings are
consistent with their hypothesis. Nait-Oumes-
mar et al. [1999] have presented observations
consistent with migrating progenitors in the
anterior SVZ being diverted and migrating
dorsally by a demyelinating lesion in the over-
lying callosum. Perhaps immature cells will
migrate better in a pathological environment
[Magavi and Macklis, 2002], possibly because
the edema in the tissue will increase the
extracellular space or because damaged tissues
secrete chemotropic agents or migration-
friendly extracellular matrix.
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