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Apoptosis of Glutamatergic Neurons Fails to Trigger a
Neurogenic Response in the Adult Neocortex
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Departments of 1Genetics and 2Neuroscience, Albert Einstein College of Medicine, Bronx, New York 10461

Adult neurogenesis is actively studied in part because of the potential to manipulate endogenous neural stem and progenitor cells for
tissue repair. Although constitutive generation of neurons in the adult rodent olfactory bulb and hippocampal dentate gyrus is widely
accepted and stroke-induced generation of striatal inhibitory neurons consistently observed, evidence supporting the generation of
neurons in the neocortex after neuronal loss remains slim. Nevertheless, a few studies suggested that targeted apoptosis of neocortical
glutamatergic neurons could trigger the generation of new ones in the adult brain. In light of such studies, we tested whether apoptosis of
glutamatergic cortical neurons using two novel transgenic approaches in mice, an inducible Caspase-8 protein and an inducible diph-
theria toxin gene, results in new neurons. After a thorough analysis, no new neurons were detected in the neocortex. Interestingly, an
increase in the expression of the neuroblast marker DCX was observed in both models, in some cases in cells with morphologies
previously associated with poststroke neuroblasts, but DCX � cells coexpressed the oligodendrocyte precursor marker Olig2, suggesting
caution when using DCX as a marker for neuroblasts after injury. Given that the adult neocortex lacks an innate potential to regenerate
lost glutamatergic neurons, future strategies should concentrate on manipulating the differentiation potential of endogenous or exoge-
nous precursor cells.

Introduction
Much has been learned about the proliferation, migration, and
differentiation of adult neural stem and progenitor cells in the
subgranular zone of the hippocampus and the mouse subven-
tricular zone (SVZ) of the lateral ventricles (Ming and Song,
2011). Yet a question with potential clinical relevance that has not
been adequately addressed is whether endogenous neural stem
and progenitor cells are capable of replacing glutamatergic neo-
cortical neurons after their loss.

In rodents, stroke increases the proliferation of SVZ and
subgranular zone precursors and the numbers of neuroblasts
and new neurons in the striatum (Yamashita et al., 2006; for
review, see Kernie and Parent, 2010). Such findings have
opened the possibility of manipulating endogenous neural
stem and progenitor cells for tissue repair. Despite the consis-
tent detection of newborn neurons in the poststroke striatum,

reports identifying new neurons in the neocortex, another
major target of stroke in humans, have been contradictory
(Jiang et al., 2001; Arvidsson et al., 2002; Parent et al., 2002;
Ohab et al., 2006). Importantly, the handful of studies that
have characterized the identity of newborn neurons in the
normal and poststroke rodent neocortex have described them
as inhibitory neurons (Dayer et al., 2005; Inta et al., 2008;
Kreuzberg et al., 2010; Ohira et al., 2010). Because regenerat-
ing only inhibitory neurons would likely prove insufficient for
functional recovery, two studies showing neurogenesis of neo-
cortical glutamatergic pyramidal neurons after targeted apo-
ptosis were met with enthusiasm (Magavi et al., 2000; Chen et
al., 2004). An additional study using the same targeted apo-
ptosis approach showed the recruitment of neural progenitors
to the area of injury (Brill et al., 2009). However, since these
reports, there have been no follow-up studies showing an en-
dogenous generation of glutamatergic projection neurons in
the adult neocortex.

For endogenous neural stem and progenitor cells to be con-
sidered a therapeutic target, their in vivo potential to generate
glutamatergic neurons after injury should be determined. Here
we developed two independent noninvasive transgenic models
for inducing apoptosis in glutamatergic neurons. A thorough
confocal microscopy analysis of both models yielded no evidence
of new neurons in the adult neocortex, whether in areas of high or
low neuronal apoptosis. Additionally, DCX expression was in-
creased in areas of neuronal death, but most cells coexpressed the
oligodendrocyte progenitor marker Olig2. Overall, the data indi-
cate that the adult brain does not have an innate ability to mount
a regenerative response to replace lost glutamatergic neurons in
the neocortex.
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Materials and Methods
Mice. Mice hemizygous for CamkCreER (Jax#012362) and heterozygous
for R26DTA (Wu et al., 2006) in a predominantly Swiss Webster back-
ground were used for all experiments. To generate Camk-iCasp8 mice, a
NotI fragment of the AP2Casp8 plasmid (Pajvani et al., 2005) containing
the inducible human Caspase8, was placed downstream of a NotI frag-
ment in PMM403 (CamkII� promoter plasmid) (Nicholls et al., 2008).
Hemizygous Camk-iCasp8 mice in an FVB background were used for all
experiments. Two- to 4-month-old males and females were used.
Tamoxifen-treated Cre-negative littermates and vehicle-treated Camk-
iCasp8 or wild-type littermates served as controls for DTA or Casp8
experiments, respectively. Three animals per group were used unless
otherwise indicated.

BrdU, dimerizer, and tamoxifen injections. For CamkCreER;R26-GFP
reporter experiments, mice received tamoxifen intraperitoneally (5
mg/35 g) once every other day for 5 d and were perfused 2, 4, or 6 weeks
after the last injection. CamkCreER;R26-DTA mice received tamoxifen (7
mg/35 g) every other day for a total of 3 injections. Camk-iCasp8 mice
received intraperitoneal injections of the AP20187 dimerizer (Clontech)
(2.5 mg/kg) once per day for 2 d. BrdU (100 mg/kg) was injected twice a
day starting 3 d before dimerizer or tamoxifen administration and con-
tinued as described in Figure 2A.

Immunofluorescence. Mice were perfused with 4% paraformaldehyde.
Brains were collected, postfixed, sucrose protected, OCT embedded, and
stored at �80°C. Antigen retrieval was performed on mounted cryosec-
tions (20 �m) by boiling the slides for 10 min in 10 mM Na citrate/0.05%
Tween, pH 6.0. For double labeling with BrdU, antigen retrieval was
followed by a 30 min cooling period and DNA denaturation in 2 M HCl
for 30 min at room temperature. The following primary antibodies were
used: mouse anti-NeuN (1:100, Millipore), rat anti-BrdU (1:100, Accu-
rate), rabbit anti-GFAP (1:500, Dako), rabbit anti-Olig2 (1:400, Milli-
pore), rabbit anti-Iba1 (1:200, Wako Chemicals), rabbit anti-DCX (1:
1000, Abcam), guinea pig anti-DCX (1:2000, Millipore), and mouse anti-

Ki67 (1:100, BD Biosciences PharMingen). Primary antibodies were
incubated for 24 – 48 h at 4°C and Alexa-488 or Alexa-568 secondaries
(1:400 Invitrogen) for 2 h, room temperature. To minimize cross-
reactivity, NeuN and BrdU colabeling was performed sequentially.
TUNEL with antigen retrieval and Fluoro JadeB (FJB) (Millipore) were
used according to the manufacturer’s protocol.

FJB analysis. For CamkCreER-DTA mice, FJB � cells were counted in at
least three separate cortical columns spanning the thickness of the neo-
cortex, and numbers were normalized to area. For CamK-iCasp8 mice,
FJB � cells were counted in the cingulate cortex of at least three anterior
coronal sections and in the retrosplenial cortex of at least three posterior
coronal sections. A line was drawn from the dorsal-most point of the
cingulum above the corpus collosum to the pia, and all cells medial to
that border were counted. Numbers were averaged and reported per
section.

BrdU, Olig2, Iba1, and GFAP analyses. For CamkCreER-DTA mice, at
least three sections and three independent fields in the neocortex were
counted per animal. For CamK-iCasp8 mice, at least two matching sec-
tions at the level of the cingulate and retrosplenial cortex were used per
animal. Positions of sections are indicated in Figure 2A.

Neocortical BrdU/NeuN colabeling. At least four coronal sections per
animal were scanned at 20� using the tile function in Zeiss Meta 510
duoV2. For each section, the tile covered one hemisphere and the full
thickness of the neocortex from the midline to the lateral edge of the
corpus callosum. Cells were identified and analyzed as described in Re-
sults. Nuclear staining was used in reconstructions to aid in the unam-
biguous differentiation of very close BrdU � and NeuN � cells.

Neurogenesis in the SVZ and subgranular zone. Hippocampal BrdU/
NeuN-colabeled cells were detected and validated using the same method
as for the neocortex (above). Tile scans covering the dentate gyrus (DG)
were performed with the 63� objective. BrdU/NeuN-colabeled cells
were counted from single optical slices of every 10th section (four sec-
tions/animal; three animals per experimental condition) starting at

Figure 1. Inducible Caspase8 and DTA mouse models target glutamatergic neurons for degeneration. A, In the CamkCreER-DTA model, tamoxifen-induced Cre recombination results in DTA
expression from the Rosa26 locus. B, In the Camk-iCasp8 model, binding of the dimerizer (red) to modified FKBP domains (purple) results in cleavage and activation of a membrane-bound (blue
myristoylation site) Caspase8. C, Red boxes indicate the locations of panels D, E, G–I. G, H, FJB labeling marks degenerating neurons. No or few FJB � neurons were detected in controls (D) but were
clearly identified in both DTA (E) and iCasp8 (G, H ) animals 7 d after tamoxifen or dimerizer treatment. F, Close-up of FJB � neuron boxed in E, showing pyramidal morphology. In iCasp8 animals,
degeneration was higher posteriorly (H ) compared with more anterior areas (G) and correlated with TUNEL (I ). J–L, CamKCreER mice were crossed with a R26 reporter. J, Only neurons were targeted
as shown by GFP (green) and NeuN (red) colabeling. Most of these neurons were TBR1 � glutamatergic neurons (K ), with very few targeted GABA � cells (L). M, Confocal single optical plane picture
showing aCasp3 and NeuN colabeling.
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bregma �1.34 going posterior. For the SVZ,
DCX/Ki67-labeled cells were identified using
single optical slices (40� water-immersion ob-
jective) of every 10th section (four sections/
animal) starting at bregma 1.1 mm. A cell was
counted as a neuroblast if the DCX staining
surrounded most or all of the Ki67 or nuclear
stain.

Statistical analyses. Data are presented as
mean � SEM with p values obtained from Stu-
dent’s two-tailed t tests.

Results
Inducible Caspase8 and DTA mouse
models target glutamatergic neurons
for degeneration
FJB, a marker for degenerating neurons
(Schmued and Hopkins, 2000), TUNEL,
and activated Caspase-3 (aCasp3) were
used to assess cell death in both models. In
CamkCreER-DTA mice, FJB was rarely
detected in control mice but was wide-
spread throughout the neocortex (and
other forebrain regions) 7 d after induc-
tion of DTA expression via tamoxifen
(FJB� cells: 194 � 36/mm 2 in experimen-
tal animals and 12 � 6 in controls, p �
0.0082; Fig. 1D–F; and data not shown).

In Camk-iCasp8 mice, after induction
with dimerizer, FJB was primarily de-
tected in medial cortical regions (and
other forebrain regions), with a graded in-
crease from the cingulate (anterior) to ret-
rosplenial (posterior) cortex (70.5 � 8.4
and 123.6 � 19.3/mm 2 in induced vs
1.2 � 0.5 and 2.9 � 0.7 in controls, re-
spectively, p � 0.0001 for both anterior
and posterior), areas where TUNEL was
also detected (Fig. 1G–I). In addition, all
aCasp3-labeled cells 7 d after induction of
apoptosis were positive for NeuN (n �
1141 cells in 3 animals) (Fig. 1M). These
results suggest that Camk-iCasp8 and
CamkCreER-DTA can be used to target
neurons for degeneration.

The CamkII� promoter should drive
expression in forebrain glutamatergic
cells (Mayford et al., 1996). To determine
the neuron types targeted with the Camk-
CreER transgene, mice were crossed with
an R26-lox-stop-lox-GFP reporter line. After tamoxifen adminis-
tration, 100% of the GFP� cells (n � 765 cells in 3 animals)
colabeled with NeuN and 94.7 � 0.7% of GFP� cells colabeled
with the glutamatergic marker TBR1, whereas only 2.3 � 0.7%
colabeled with GABA (Fig. 1J–L), confirming the primarily glu-
tamatergic nature of the targeted neurons.

Apoptosis of glutamatergic neurons does not trigger the
generation of new neurons
To analyze cortical neurogenesis after apoptosis of glutamatergic
neurons, newborn cells were labeled by injecting BrdU for a total
of 19 –23 consecutive days starting 3 d before induction of cell
death and brains were analyzed 35– 40 d after tamoxifen or
dimerizer (Fig. 2A, treatment schedules). Newly generated neu-

rons were identified as colabeled for NeuN, a marker specific for
mature neurons (Mullen et al., 1992), and BrdU.

For CamkCreER-DTA mice, a low-magnification tile scan us-
ing a confocal microscope was performed covering the cingulate,
motor, and some somatosensory cortex (Fig. 2B,C). For Camk-
iCasp8 mice, to control for whether differing levels of neuronal
loss could affect the generation of new glutamatergic neurons, the
confocal BrdU/NeuN analysis was not restricted to medial struc-
tures (cingulate and retrosplenial cortex, where death was prom-
inent) but also included the lateral areas of the neocortex in both
anterior and posterior regions, as illustrated in Figure 2B,C.

Each cell that seemed colabeled at 20� was marked and ex-
amined at 63�. If, after one or two single optical slices, a BrdU�

cell appeared to have some nuclear and/or perinuclear NeuN
overlap, a z-stack followed by 3D and orthogonal reconstruction

Figure 2. Apoptosis of glutamatergic neurons does not trigger the generation of new glutamatergic neurons. A, Injection
schedules for BrdU, tamoxifen, and dimerizer in DTA and iCasp8 mice. B, Schematic showing the location of sections analyzed for
BrdU/NeuN colabeling (DTA: at least four half sections/animal from bregma 1.34 to 0.5; iCasp8: at least three sections/animal from
bregma 1.1 to 0.2 [anterior, A] and at least two sections/animal from bregma �1.22 to �1.82 [posterior, P]). C, Representative
confocal 20� tile scan used to mark putatively colabeled BrdU �/NeuN � cells with a higher-magnification view of boxed area. D,
Example of closely appositioned BrdU � and NeuN � cells. A single confocal optical plane suggests colabeling, but the nuclear stain
and orthogonal views from the z-stack show that the BrdU � cell is not a neuron. E, Example of a double-labeled BrdU �/NeuN �

neuron in the DG of the same DTA mice as in D with orthogonal views.
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was performed. Using this method, a total
of 25,481 BrdU� cells in experimental
mice (19,566 in DTA and 5915 in iCasp8)
and 2413 cells in control mice (1564 DTA
controls and 849 in iCasp8 controls) were
scanned, of which 799 in the experimental
mice (519 in DTA and 280 in iCasp8) and
250 in control mice (137 in DTA and 113
in iCasp8 controls) seemed potentially co-
labeled with NeuN at low magnification
(20�) and were therefore reexamined at
high magnification in one or two optical
slices (63�). Of these cells, only 77 cells
still seemed colabeled in experimental
mice (58 in DTA and 19 in iCasp8) and 28
in controls (22 in DTA and 6 in iCasp8)
and were further examined using z-stacks.
However, after z-stacks and 3D recon-
structions and aided by a nuclear stain,
potentially colabeled cells were found
to be closely appositioned BrdU� and
NeuN� cells (Fig. 2D) with zero colabeled
cells being identified in the neocortex
of either CamkCreER-DTA or Camk-
iCasp8 mice 35 d after induction of apo-
ptosis (and zero in controls). Therefore,
in two separate transgenic models of glu-
tamatergic neuron loss, no new neurons
could be identified. As positive controls
for the approach, BrdU�NeuN� cells
could readily be identified in the DG of
treated mice (Fig. 2E).

Most BrdU � cells after iCaspase8 or
DTA-mediated neuronal death
are microglia
Given that there was an �10-fold increase
of BrdU� cells 7 d after inducing apopto-
sis in the neocortex of both iCaspase8 and
DTA animals (Fig. 3F), we characterized
the identity of these cells by colabeling for
GFAP, Olig2, and Iba1 to identify astro-
cytes, oligodendrocyte precursors, and
microglia, respectively, cells that repre-

Figure 3. Most BrdU � cells after iCaspase8 or DTA-mediated neuronal death are microglia. A, Schematic of a coronal section
with the boxed area showing the location of B–E. B–F, A significant increase in total BrdU � cells occurs in both DTA ( p � 0.0002)
and iCasp8 (anterior, p � 0.0017; posterior, p � 0.0001) experimental mice 7 d after tamoxifen or dimerizer administration,

4

respectively, compared with controls (B–E, representative
pictures; F, quantifications). After neuronal apoptosis, most of
the increase in BrdU � cells results from BrdU �Iba1 �-
activated microglia in both DTA ( p � 0.0004) and iCasp8 (an-
terior, p � 0.0141; posterior, p � 0.0001) experimental mice
(D,F). BrdU �GFAP � astrocytes also increase in both DTA
( p � 0.0261) and iCasp8 (anterior, p � 0.0013; posterior,
p � 0.0001) experimental mice compared with controls (E,F).
A small increase in BrdU � oligodendrocyte precursors also
occurs (C,F, DTA, p � 0.007; iCasp anterior, p � 0.0043; pos-
terior, p � 0.0092). *, indicates significant difference. G, Rep-
resentative single plane confocal tile scans of the SVZ of control
and experimental DTA mice stained for DCX (red) and Ki67
(green). H, Despite the increase in activated microglia and gli-
osis, no significant difference was observed in the number of
proliferating (Ki67 �DCX �) (DTA, p � 0.7957; iCasp, p �
0.2488) or total (DCX �) neuroblasts (DTA, p � 0.4399; iCasp,
p � 0.8745) in the SVZ of experimental versus control mice.
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sent the majority of the dividing popula-
tion in other injury models (Simon et al.,
2011). Consistent with previous findings,
most BrdU� cells in the neocortex of con-
trol animals were Olig2� (Fig. 3B,F).
However, after induction of apoptosis,
70 – 80% of the BrdU� cells in both mod-
els were Iba� microglia with activated
morphology (Fig. 3D,F). The presence of
activated microglia and hypertrophic as-
trocytes in our models was not necessarily
expected given that neuron-specific apo-
ptosis has been reported as noninflamma-
tory (Macklis, 1993). Very few of the
hypertrophic astrocytes incorporated
BrdU (Fig. 3E,F). Thus, proliferative mi-
croglia with activated morphology constituted the majority of
BrdU� cells after targeted neuronal death after both iCaspase8
and DTA-mediated cell death of glutamatergic neurons.

Positive and negative effects of inflammation with respect to
neurogenesis are poorly understood. To address whether inflam-
mation resulting from neuronal death is generally inhibitory to
neurogenesis, we analyzed the DG of CamkCreER-DTA mice,
which also exhibited activated astrocytes and microglia. No de-
crease, and instead a minor increase, in BrdU�/NeuN� cells was
observed (CamkCreER-DTA, 42 � 3.2 BrdU�/NeuN� cells in
the DG with 24 � 4.9 in controls, p � 0.038). In addition, the
number of Ki67� and total number of DCX� neuroblasts in the
SVZ of CamkCreER-DTA and CamK-iCasp8 mice were analyzed,
and no significant differences were detected (Fig. 3G,H). These
results suggest that inflammation in these animals does not in-
hibit endogenous neurogenesis.

DCX upregulation in Olig2 � cells in the neocortex after
neuronal death
In addition to the strongly DCX� neuroblasts in the SVZ and
DG, weakly stained DCX cells were observed in other brain re-
gions, including the neocortex, hippocampus, and septum of
both control and experimental mice 7 d after inducing apopto-
sis. However, the expression levels of DCX appeared elevated
in experimental animals in regions of extensive neuronal
death compared with controls (Fig. 4), and an investigator
blind to the treatment conditions correctly differentiated be-
tween all slides from experimental (both Camk-iCasp8 and
CamkCreER-DTA) and control mice based on the intensity of
DCX staining alone in cortical areas (n � 5 each for experi-
mental and control). Interestingly, virtually all DCX � cells
outside the DG expressed the oligodendrocyte precursor
marker Olig2 (Fig. 4).

Discussion
An inducible Caspase8 has been used to induce apoptosis in multiple
organs outside the CNS (Wencker et al., 2003; Pajvani et al., 2005;
Wang et al., 2008). Here we generated the first transgenic mice with
an inducible neuron-specific Caspase8. Interestingly, although neu-
ronal death occurred in medial cortical regions, aCasp3 was readily
detected in neurons throughout the cerebral cortex (data not
shown), suggesting that the caspase pathway was initiated, but that
iCaspase8 is expressed at lower levels laterally or that lateral cells are
more resistant to caspase-dependent apoptosis. Nevertheless, the in-
duced death of glutamatergic neurons in the neocortex using either
the iCaspase8 or DTA models did not trigger the generation of new
neurons.

Induced neuronal apoptosis triggered the generation of cell
types other than neurons. These were primarily activated micro-
glia, which, together with the observed hypertrophic GFAP� as-
trocytes, is indicative of an inflammatory response. An increase in
BrdU� Olig2� cells was also observed, but the roles of these cells
in response to neuronal death remain unclear. The increases in
BrdU� microglia, oligodendrocyte precursors, and, to a lesser
extent, astrocytes were similar regardless of whether cell death
was induced by iCaspase8 or DTA. Microglia can release proin-
flammatory and/or anti-inflammatory and neurogenic cytokines
depending on the pathological insult (Carpentier and Palmer,
2009; Ransohoff and Perry, 2009). Despite the death of neurons
in the hippocampus and the presence of activated microglia and
astrocytes, hippocampal neurogenesis was not inhibited, consis-
tent with a previous study in which hippocampal neurons were
ablated with a tetracycline-inducible DTA (Yamasaki et al.,
2007). Similarly, the numbers of neuroblasts in the SVZ did not
decrease after neuronal death. Together, these findings indicate
that inflammation does not necessarily result in a hostile environ-
ment for neurogenesis. Importantly, these results also indicate
that precursors, including neuroblasts, were not directly targeted
for apoptosis in either model.

Last, DCX expression was upregulated in Olig2� cells in the
neocortex and other forebrain regions after neuronal loss. De-
spite expressing DCX, these cells are not likely to be neuroblasts
because: (1) there was no apparent increase in the number of
Olig2 �/DCX � cells in the neocortex of experimental mice
compared with controls; (2) no new mature neurons
(BrdU�NeuN�) were observed; (3) oligodendrocyte precursors
have previously been reported to express DCX (Tamura et al.,
2007; Guo et al., 2010; Ehninger et al., 2011; Clarke et al., 2012);
and (4) lineage tracing studies have confirmed the commitment
of Olig2� cells to glial differentiation after injury (Dimou et al.,
2008). Nevertheless, further studies would be needed to establish
the identity and functional significance of DCX�/ Olig2� cells
after injury. DCX expression in the uninjured and injured adult
neocortex has been described in several species (Luzzati et al.,
2009; Bloch et al., 2011), but whether in any of these cases the cells
coexpressed Olig2 was not reported. Given the similarity of the
DCX�/ Olig2� cell morphologies observed in our models with
DCX� cells observed in the poststroke neocortex, for example
(Ohab et al., 2006), caution is warranted when interpreting the
nature of these cells.

Overall, the data presented here suggest that the potential of
endogenous precursors to regenerate glutamatergic neurons in
the neocortex is minimal or nonexistent. Although a few reports
claim that, under certain experimental conditions, new cortical

Figure 4. DCX upregulation in Olig2 � cells in the neocortex after neuronal death. A, DCX expression increases in cells in areas
of extensive death and most or all of the DCX � cells express Olig2. Shown are examples in the neocortex, hippocampus, and
septum. Arrows point to examples of DCX �/ Olig2 � cells. Arrowhead points to a DCX �/Olig2 � cell. B, Z-stack projection of a
DCX �/Olig2 � cell in the septum of an iCasp8 experimental mouse 7 d after apoptosis.
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projection neurons can be generated in the adult (Magavi et al.,
2000; Chen et al., 2004; Brill et al., 2009), our results are consis-
tent with previous findings showing that cortical projection neu-
rons are not generated in the adult under normal conditions or
after injury (Parent et al., 2002; e.g., Arvidsson et al., 2002; Dayer
et al., 2005; Bhardwaj et al., 2006; Rakic, 2006; Inta et al., 2008).

Future studies should therefore concentrate on altering the
differentiation potential of endogenous precursors or on alterna-
tive approaches using cell transplantation. In humans, neurogen-
esis in the SVZ becomes extremely limited in adulthood, if it
occurs at all (Sanai et al., 2011; Wang et al., 2011; Bergmann et al.,
2012). So it is questionable whether neuronal stem or progenitor
cells remain in the adult SVZ or exist elsewhere in the neocortex
as a potential source of new projection neurons. The activation
and reprogramming of endogenous glial progenitors may pro-
vide other strategies, given, for example, that astrocytes can be
reprogrammed to neurons in culture using a single transcription
factor (Berninger et al., 2007). Alternatively, transplanted pro-
genitor cells could be used. However, these cells would need to be
endowed with the ability to migrate throughout damaged or dis-
eased areas, to generate the relevant cell types, and to become
functionally integrated. Initial studies aimed at repairing basal
ganglia function in mice with transplanted human progenitors
suggest that such approaches may also be possible for the neocor-
tex (Kriks et al., 2011; Ma et al., 2012).
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Olig2-expressing progenitors in the gray and white matter of the adult
mouse cerebral cortex. J Neurosci 28:10434 –10442. CrossRef Medline

Ehninger D, Wang LP, Klempin F, Römer B, Kettenmann H, Kempermann G
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