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Ischemia-induced neurogenesis of neocortical layer 1

progenitor cells

Koji Ohira!~, Takahiro Furuta?, Hiroyuki Hioki?, Kouichi C Nakamura®>*38, Eriko Kuramoto?, Yasuyo Tanaka?,
Nobuo Funatsu?®, Keiko Shimizu®, Takao Oishi’, Motoharu Hayashi®, Tsuyoshi Miyakawa!*6, Takeshi Kaneko?* &

Shun Nakamura3%7

Adult mammalian neurogenesis occurs in the hippocampus and the olfactory bulb, whereas neocortical adult neurogenesis
remains controversial. Several occurrences of neocortical adult neurogenesis in injured neocortex were recently reported,
suggesting that neural stem cells (NSCs) or neuronal progenitor cells (NPCs) that can be activated by injury are maintained

in the adult brain. However, it is not clear whether or where neocortical NSCs/NPCs exist in the brain. We found NPCs in the
neocortical layer 1 of adult rats and observed that their proliferation was highly activated by global forebrain ischemia. Using
retrovirus-mediated labeling of layer 1 proliferating cells with membrane-targeted green fluorescent protein, we found that the
newly generated neurons were GABAergic and that the neurons were functionally integrated into the neuronal circuitry. Our
results suggest that layer 1 NPCs are a source of adult neurogenesis under ischemic conditions.

Neurogenesis in the CNS of adult mammals has been of particular
interest to the field of neuroscience for over 100 years!. New techno-
logies for detecting cell proliferation, such as [*H]-thymidine,
5-bromo-2’-deoxy-uridine (BrdU), immunohistochemistry of chemi-
cal markers for proliferating cells and various cell types, retrovirus-
mediated cell labeling, and genetically modified animals? have
identified adult mammalian neurogenesis in two regions, namely
granule and periglomerular neurons in the olfactory bulb from the
anterior subventricular zone (aSVZ) and granule cells in the hippo-
campal dentate gyrus from the subgranular zone (SGZ)3. In addition,
a variety of factors can modulate neurogenesis in these regions,
including exercise, environmental enrichment, pregnancy and stroke
upregulate neurogenesis, whereas stress and aging downregulate it*.

Whether adult neocortical neurogenesis occurs or not is highly
controversial®>~13, This controversy may be a result of the experimental
methods and animals’ conditions, such as housing condition,
animals’ histories, and genetic background and technical prob-
lems*. Recent studies have reported generation of new neurons in
the adult mammalian neocortex under pathologic conditions!4-22,
suggesting that NSCs or NPCs that can be upregulated by brain injury
and stroke may be maintained in the neocortex. Using combined
immunohistochemistry and retroviral labeling method, we found
NPCs in the neocortical layer 1 of the adult rats. Furthermore, we
found that the layer 1 NPCs produced GABAergic interneurons under
ischemic conditions.

RESULTS

Proliferating cells in the neocortical layer 1

To identify proliferating cells in and beneath the neocortex of adult
rats, we used the cell proliferation marker Ki67, which is expressed
in cell nuclei during all of the phases of the cell cycle, except for G,
Immunohistochemical analysis revealed that Ki67-positive cells were
distributed in layer 1, as well as in the SGZ and aSVZ (Fig. 1a). In addi-
tion, we found that two other cell proliferation markers, phosphorylated
histone H3 (pH3), which is phosphorylated in the M phase, and BrdU,
which is incorporated into the newly synthesized DNA during the
S phase, were present in layer 1 Ki67-positive cells (Fig. 1b). Furthermore,
almost all of the layer 1 Ki67-positive cells were lacked the NSC marker
nestin, the neuronal markers TuJ1, NeuN and calretinin, the astrocyte
marker S100, the oligodendrocyte marker proteolipid protein, the
microglia marker CD11b, and the vascular and endothelial progenitor
cell marker CD34 (Supplementary Fig. 1).

Although layer 1 Ki67-positive cells were lacked the neuronal
markers TuJ1, NeuN and calretinin, glutamic acid decarboxylase
67 (GAD67) was produced in 668 of 933 layer 1 Ki67-positive cells
(meants.d., 70.3£23.6%, n =7 rats; Fig. 1). As NSCs/NPCs in the SGZ
and aSVZ express GAD67 (refs. 23,24) (Fig. 1), this finding suggests
that layer 1 Ki67 and GAD67 double-positive cells may be proliferat-
ing cells. Moreover, Nkx2.1 and MafB, which are molecular markers
of cells derived from the ganglionic eminence?>2, were coexpressed
in 111 of 147 layer 1 Ki67-positive cells (79.1 £ 18.8%, n = 5 rats) and
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Figure 1 Characterization of layer 1 proliferating
cells. (a) Ki67 expression in layer 1, SGZ

and aSVZ. Right, higher magnification of the
boxed areas in the middle column. Arrowheads
indicate the same cells in each row. Scale bars
represent 40 um. (b) Layer 1 Ki67-positive cells
contained other proliferating cell markers, BrdU
and pH3. Scale bar represents 20 um. (c) Layer 1
Ki67-positive cells expressed the ganglionic
eminence markers Nkx2.1 and MafB. Scale bar
represents 20 um. (d) Ki67-positive cells in
layer 1, SGZ and aSVZ expressed GAD67. The
arrowheads indicate Ki67 and GAD67 double-
positive proliferating cells in layer 1, SGZ

and aSVZ. The arrow indicates Ki67-negative,
GADG67-positive interneuron in the layer 1. GCL,
granule cell layer; LV, lateral ventricle. Scale
bars represent 10 um.
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in 122 of 162 layer 1 Ki67-positive cells (81.2 £
22.8%, n = 5 rats), respectively (Fig. 1c).
These results suggest that layer 1 Ki67 and
GAD67 double-positive cells might be gangli-
onic eminence—derived proliferating cells.
We next examined the effect of ischemic
treatment on layer 1 Ki67 and GAD67 double-
positive proliferating cells. Common carotid arteries of rats
were clamped on both sides transiently for 10 min. The ischemic
treatment induced an increase in the number of microglia but did
not induce increased cell death of NeuN-positive cells at 1 week fol-
lowing ischemic treatment (Supplementary Fig. 2), suggesting that
the ischemic treatment was not so severe. Although the number of
Ki67-positive cells was markedly increased in all neocortical layers by
1 week after the global ischemic treatment, Ki67 and GAD67 double-
positive cells were almost exclusively observed in layer 1 of both sham-
operated control and ischemia-treated rats (Fig. 2a,b). The number of
layer 1 Ki67 and GAD67 double-positive cells in ischemia-treated rats
increased 1.56-fold compared with controls (P < 0.01, n = 6 rats for
each time point, two-way ANOVA followed by Tukey’s post hoc test)
at 1 week after ischemia and returned control levels by 2 weeks post
treatment (Fig. 2b). Similar transient increase of Nkx2.1 and Ki67
double-positive cells was observed (Supplementary Fig. 3). Layer 1
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Ki67 and GAD67 double-positive cells were ubiquitously distributed
in layer 1 of the frontal, motor, somatosensory and visual cortices
under both the control and ischemic conditions (Fig. 2¢). Other
Ki67-positive, GAD67-negative cells (Fig. 2a), at least some of them,
might be proliferating cells for reactive gliosis, such as NG2-positive
and Olig2-positive proliferating cells, induced by ischemic treatment
(Supplementary Fig. 4).

Generation of GABAergic neurons under ischemic condition

Our results indicate that proliferating cells exist in layer 1 of the adult
rat neocortex. We next sought to determine whether layer 1 proliferat-
ing cells produce neurons, neuroglia or both cell species. To trace the
morphological and chemical details and migration of newly generated
cells from layer 1 proliferating cells, we used a recombinant retrovirus
vector expressing membrane-targeted GFP under the cytomegalo-
virus (CMV) promoter?’ (only proliferating cells incorporate the

Figure 2 Distribution of layer 1 proliferating cells in the control

and ischemic brains. (a) Distribution of Ki67 and GAD67 double-
positive cells in control and ischemia-treated brains of adult rats.
Representative drawings through the neostriatum (left) and thalamic
nuclei (right) are shown in each row. The labeled somata of ten serial
50-um-thick sections were superimposed to create the images. Scale
bar represents 1 mm. (b) Time course quantification of layer 1 Ki67
and GAD67 double-positive cells after ischemic treatment. ** indicates
significant difference between the value at 1 week and at other weeks;
t1 indicates significant differences between ischemia-treated and
control brains (P < 0.01, two-way ANOVA followed by Tukey’s post hoc
test, n = 3 rats for each time and condition). Data are shown as mean
+ s.d. (c) Distribution of layer 1 Ki67 and GAD67 double-positive cells
in the frontal (F), motor (M), somatosensory (S) and visual (V) cortices
1 week after ischemic treatment. There were no difference in the
distribution of layer 1 Ki67 and GAD67 double-positive cells among
the F, M, S and V cortices in control and ischemic conditions
(P=0.43 and 0.75, two-way ANOVA for control and ischemic
conditions, respectively, n = 3 rats), although there was a significant
difference in each cortical region by comparing control versus ischemic
treatment (all regions, P < 0.05, two-sided t test, n = 3 rats). Data are
shown as mean + s.d.
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Figure 3 Retrovirus-mediated GFP labeling of a
layer 1 proliferating cells. (a) Distribution of

Ki67, GAD67 and GFP triple-positive and Ki67- O Ki67+/GADE7+/GFP+
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negative, GAD67-positive, GFP-positive cells in the @ Ki67-/GADB7+/GFP+ control schemia Layer 4
somatosensory cortex 4 weeks after ischemia. The Control Ischemia
labeled somata of five serial 50-um-thick sections s 8z = o 9993
were superimposed in a drawing. WM, white o © |2 RN RS SRR R ik R
matter. Scale bar represents 500 um. (b) Layer 1 b %o i g° .
%©° o

proliferating cells labeled with antibodies to Ki67,
GAD67 and GFP 1 week after ischemia. Scale e
bar represents 20 um. (c) A layer 4 postmitotic

cell labeled with antibodies to Ki67, GAD67 and
GFP 1 week after ischemic treatment (arrowhead).
Scale bar represents 30 um. (d) Time course of

the positional changes of GFP-positive cells in

layer 2-6 after ischemia. Higher magnifications

of cells indicated by the arrows are shown below.
Arrowheads indicate the deepest positioned GFP-
positive cells. The deepest positions of GFP-positive
cells were plotted against days post ischemia.

The positions were expressed by a relative value
between the cortical surface (O) and the border with
the white matter (1). Scale bars represent 300 um
(top) and 30 um (bottom). (e) Layer 2 and layer

4 GFP-positive cells in the somatosensory cortex

4 weeks after ischemia. Arrowheads indicate an
axon-like process. (f) Laminar distribution of GFP- e
positive cells 4 weeks after ischemia (* P< 0.05,

two-way ANOVA followed by Tukey's post hoc test,

n =4 rats). All data are shown as means + s.d.

Scale bar represents 50 pum.
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transgene into their genome) and visualized
the detailed cell morphology of daughter cells
from layer 1 proliferating cells.

We injected the recombinant retrovirus
vectors into layer 1 and confirmed that the
injected solution was largely confined to
layer 1 using sham injections of the nuclear
dye Hoechst 33258 (Supplementary Fig. 5). Ki67, GAD67 and GFP
triple-positive cells were found only in or just beneath layer 1 (Fig. 3a)
and possessed a round cell body with a few short processes (Fig. 3b).
The morphology of layer 1 Ki67, GAD67 and GFP triple-positive cells
was not substantially changed by the ischemic treatment (Fig. 3b).
In contrast, the ischemic treatment produced a large increase in the
number of Ki67-negative, GAD67-positive and GFP-positive cells in
layer 2—6 (Fig. 3a,c). Thus, we assumed that GFP-positive cells would
have become postmitotic and migrated from layer 1 to deep layers.

To address the migration of GFP-positive cells from layer 1, we
observed the time course of the distribution of GFP-positive cells after
ischemia. GFP-positive cells were found mostly in layer 2-3 at 2 d, in
layer 2—4 at 4 d and in layer 2—6 at 7 and 10 d post ischemia, namely
the deepest position fell with the day after ischemia (Fig. 3d). These
findings suggest that Ki67-negative, GAD67-positive, GFP-positive
cells, which were produced from layer 1 Ki67, GAD67 and GFP triple-
positive cells by the ischemic stimuli, migrated to the deepest layers
within 7-10 d of the ischemia treatment.

Notably, the morphology of newly generated GFP-positive cells was
almost uniform and similar to that of neurons, which had round cell
bodies, radially extending dendrite-like processes and longer axon-
like processes (Fig. 3e). They were distributed in all cortical layers
1-8 weeks after ischemia and were most frequently found in layer 4
(P <0.05, n = 4 rats, two-way ANOVA followed by Tukey’s post hoc test;
Fig. 3f). It is noteworthy that at 4 weeks after ischemia, immature and
mature neuronal markers, TuJ1, HuC/D and MAP2, were expressed
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in 34 of 77 layer 2—6 GFP-positive cells (46.0 + 15.6%, n = 3 rats), in
49 of 76 GFP-positive cells (64.4 £ 4.19%, n = 3 rats) and in 77 of 98
GFP-positive cells (77.8 + 13.6%, n = 3 rats), respectively (Fig. 4a).
In addition, we found that a large number of the GFP-positive cells
expressed voltage-gated sodium channels (Na, ), which are essential
for the production of action potentials?®, using a pan-Na_ antibody
and an antibody to Na 1.6 (86 of 120 GFP-positive cells were pan-Na,
positive: 71.7 £ 14.4%, n = 3 rats; 98 of 162 GFP-positive cells were
Na, 1.6 positive: 60.0 = 11.8%, n = 3 rats; Fig. 4b). However, few layer
2—6 GFP-positive cells were colabeled with glial marker antibodies
(antibodies to GFAP were used to label astrocytes, an antibody raised
against rat glial membrane and whole-brain white matter was used to
label oligodendrocytes, and antibodies to CD11b were used to label
microglias) up to 8 weeks after ischemia (Table 1 and Supplementary
Fig. 6). These findings suggest that GFP-positive cells in layer 2—6
share the morphological and molecular characteristics of neurons.
We confirmed this using a different retrovirus vector, which expressed
membrane-targeted GFP under the control of the SYNT (synapsin 1)
promoter?®, a well-known neuron-specific promoter. Using this
recombinant retrovirus, we found GFP-positive cells in layer 2—6
4 weeks after the ischemia that were the same type as those that we
found using retrovirus with CMV promoter (Fig. 4a).

In contrast, few neurons were generated when the retrovirus
was injected into the SVZ and white matter, which are the other
candidate regions for supplying new neocortical neurons!*17-30
(Supplementary Fig. 6), except for neurons migrating to the olfactory
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bulb (Supplementary Fig. 6). In contrast, astrocytes and oligodendro-
cytes were labeled mainly in the SVZ, white matter and occasionally
in layer 6 (Supplementary Fig. 6). This result indicates that new neo-
cortical neurons may not be generated in the SVZ or white matter in
these conditions.

We further examined the chemical properties of layer 2-6 GFP-
positive neurons in ischemia-treated rats, using double-staining

Table 1 Phenotypes of GFP-positive postmitotic cells

Figure 4 Double-staining of layer 2—6 GFP-positive cells with cell
markers. (a) Layer 2-6 GFP-positive cells were co-stained with antibodies
to neuronal markers (TuJ1, HuC/D and MAP2). Arrowheads indicate TuJ1
and GFP double-positive cell body structures. Bottom right, a layer 3
newly generated cells, which expressed GFP under the control of SYN1
promoter, was GABA immunoreactive. (b) GFP-positive cells expressed
voltage-gated sodium channels (top, layer 3, panNa,; below, layer 2,
Na,1.6). All images were taken from the somatosensory cortex 4 weeks
after ischemic treatment. Scale bars represent 30 um.

analysis of GFP and neuronal subpopulation markers. Each of the
markers for GABA, neuropeptide Y (NPY), choline acetyltransferase
(ChAT), somatostatin (SOM) and calretinen were expressed in layer
2-6 GFP-positive neurons up to 8 weeks post ischemia (Fig. 5a and
Table 1). The colabeling rates of the markers in GFP-positive neurons
increased as time elapsed up to 4 weeks after ischemia (% at 1,2 and
4 weeks after ischemia, means *+ s.d.; GABA: 42.9 £2.15,67.5+ 12.4,
81.2 £ 6.06; NPY: 25.8 + 6.26,34.8 £ 18.9,39.7 £ 12.9; ChAT: 1.33 +
0.980,2.46£0.811,4.61 +£2.75; SOM: 2.01 +1.10,3.07 £1.38,10.9 =
4.00). This implies that the newly generated neurons matured and/or
that the newly generated immature neurons died. The calcium-binding
proteins calbindin and parvalbumin, each of which is expressed in
a subpopulation of GABAergic neurons, were not observed in GFP-
positive neurons (Table 1). In GABAergic neurons of the rat fron-
tal cortex, NPY and calretinin expression are mutually exclusive3!.
Indeed, summations of the expression rates of NPY and calretinin in
new neurons were similar to those of GABA-containing neurons up
to 4 weeks after ischemia (Table 1). Both the expression of the mark-
ers and the number of new neurons at 8 weeks after ischemia might
decrease, as new neurons might be short lived.

Recently, multipolar calretinin cells have been shown to coexpress
SOM in the mouse32. We examined whether calretinin and GFP double-
positive cells contained SOM and found no calretinin, SOM and
GFP triple-positive cells (Fig. 5b). This result is compatible with the
previous report that there are three groups of rat cortical interneurons,
each of which expresses parvalbumin, calretinin and SOM in a

mutually exclusive manner?!.

Time course analysis of new neurons after ischemia

To reduce experimental error in the quantitative time course analy-
sis of neuronal production after ischemia, we injected the retrovirus
solution into as many sites as possible in layer 1 of the somatosen-
sory neocortex of a rat (see Online Methods). In addition, we seri-
ally sectioned a whole brain from the olfactory bulb to the posterior
region of midbrain, stained all of the resulting sections with antibody

Periods after ischemic treatment

1 week 2 weeks 4 weeks 8 weeks
n (rats) 3 3 3 3
GABA 42.9+2.15(133) 67.5+12.4* (91) 81.2 + 6.06% (84) 80.3 + 7.54% (30)
NPY 25.8+6.26 (162) 34.8+£18.9 (40) 39.7+12.9 (63) 30.6 £12.7 (24)
ChAT 1.33+£0.980(112) 2.46 +0.811 (68) 4.61+2.75(51) 4.58 £2.20 (29)
SOM 2.01+1.10(124) 3.07£1.38 (75) 10.9 £ 4.00* (73) 9.84 + 3.89* (34)
CR 19.2+11.5(170) 30.5+£16.9(29) 36.7 £12.0 (66) 18.6 +3.42 (33)
CB n.d. (272) n.d. (38) n.d. (61) n.d. (25)
PV n.d. (187) n.d. (39) n.d. (93) n.d. (25)
GFAP n.d. (226) n.d. (69) n.d. (81) n.d. (21)
Oligodendrocytes n.d. (162) n.d. (45) n.d. (49) n.d. (23)
CD11b n.d. (165) n.d. (78) n.d. (82) n.d. (31)

Data are presented as mean + s.d. from three rats at each time point. The total numbers of counted cells are shown in parentheses. One-way ANOVA and Tukey's post hoc test was
used in the statistic analysis of time course of each marker. *P < 0.05, #P < 0.01, significant difference compared with each value of 1 week. n.d., not detectable. CB, calbindin;

CR, calretinin; PV, parvalbumin.
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to GFP and counted all of the GFP-positive cells. To correct the vari-
ances in retrovirus infection efficiency, we calculated the labeling
efficiency r (the number of layer 1 Ki67, GAD67 and GFP triple-
positive cells divided by the number of layer 1 Ki67 and GAD67
double-positive cells; Supplementary Table 1) and determined the
estimated numbers (the number of layer 2-6 GFP-positive neurons)
divided by r of newly generated layer 2—6 neurons for each rat.

In the control rats, a small number of layer 2—6 GFP-positive neu-
rons were produced up to 8 weeks after injection of the virus solution
(Fig. 6). However, this small number of GFP-positive neurons might
be overestimated, as brain damage resulting from virus injection
would enhance the proliferation of layer 1 Ki67 and GAD67 double-
positive cells. In contrast, at 1 week post ischemia, the number of
layer 2-6 GFP-positive neurons was 28-fold larger than that in the
sham-operated control rats (P < 0.01, n = 5 rats, two-way ANOVA
followed by Tukey’s post hoc test), corresponding to 0.93% and 3.7%
of total neurons and GABAergic ones in the adult rat neocortex3?,
respectively. The number of GFP-positive neurons declined substan-
tially (>70%) by 2 weeks after ischemia.

Integration of new neurons into the neuronal circuitry

Finally, we addressed the question of whether or not these newly
generated neurons were functionally integrated into the neuronal
circuitry. c-Fos, an immediate early gene product, is known to be

ARTICLES

Figure 5 Characterization of layer 2-6 GFP-
positive cells with neurochemical markers.

(a) Layer 2-6 GFP-positive cells were co-
stained with antibodies to the molecular
markers (magenta) GABA, NPY, calretinin

(CR), SOM and ChAT. (b) Triple labeling with
calretinin (blue), SOM (magenta) and GFP
(green) in newly generated cells. Coexpression
of calretinin and SOM in layer 2—-6 GFP-positive
cells was rarely observed, consistent with the
mutually exclusive expression of calretinin and
SOM. Arrowheads point to a calretinin-positive,
SOM-negative, GFP-positive cell (top) and a
calretinin-negative, SOM-positive, GFP-positive
cell (bottom). All images were taken from the
somatosensory cortex 4 weeks after ischemia.
Scale bars represent 30 um.

expressed in response to various physiologi-
cal stimuli, including the exposure of animals
to a new enriched environment34-37, We
examined c-Fos expression in GFP-positive
neurons 4 weeks after ischemic treatment,
which were generated by the retrovirus injec-
tion and ischemic treatment, in response to
the exposure to the enriched environment
(Fig. 7a). As the whisker system is known to
be very active when the rat is exploring a new
enriched environment, we examined c-Fos
expression in GFP-positive cells in the barrel
cortex of the primary somatosensory cortex.
When the rats were housed in the original
cage, a very few GFP-positive neurons showed
c-Fos immunoreactivity (control; 2.5+ 4.1%,
1 of 40 GFP-positive neurons, n = 3 rats;
Fig.7b). However, 2 h after the exposure to a
new enriched environment (Supplementary
Fig. 7), the percentage of GFP-positive neu-
rons that expressed c-Fos was much higher (enriched; 17.5 + 14.2%,
6 of 41 GFP-positive neurons, n = 3 rats; Fig. 7b) than in the control.
This result suggests that at least some of the newly generated neurons
were functionally incorporated into the cortical circuit.

Although previous reports have shown that c-Fos is expressed
in astrocytes after brain injury, c-Fos expression disappears within
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Figure 6 Time course of the estimated number of layer 2-6 GFP-positive
cells after ischemia. ** indicates significant difference between the value
at 1 week and at other weeks; 11 indicates significant differences between
ischemia-treated and control brains (P < 0.01; two-way ANOVA followed
by Tukey’s post hoc test, n = 5-6 rats for each time and condition). Data
are shown as mean + s.d.
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Figure 7 Integration of new neurons into the neuronal circuitry after
ischemia. (a) A GFP and c-Fos double-positive cell in the layer 2/3 of
somatosensory cortex of ischemia-treated rats after exposure to a new
enriched environment at 4 weeks after ischemic treatment. Scale bar
represents 20 um. (b) Quantification of c-Fos immunoreactivity in layer
2-6 GFP-positive neurons. c-Fos was expressed more frequently in rats
exposed to a new enriched environment than in the control rats (mean +
s.d., P<0.01, two-sided t test, n = 3 rats).

several days38’39. In fact, we found that almost all c-Fos expression was
confined to neurons 4 weeks after ischemia (Supplementary Fig. 7).

DISCUSSION

We found NPCs in layer 1 of adult rat neocortex, which we refer to as
layer 1 inhibitory neuron progenitor (L1-INP) cells (Supplementary
Fig. 8). L1-INP cells were markedly activated to produce GABAergic
neurons by mild ischemic treatment. However, we do not exclude the
possibility that neocortical neurons are produced from the ischemia-
induced NSCs and NPCs in the SVZ, in white matter or in some
unknown region. In fact, the aSVZ seems to generate neocortical
neurons under pathologic conditions. For example, corticothalamic
pyramidal projection neurons in the neocortex of adult mice are
newly generated in layer VI from the aSVZ NPCs when apoptosis of
pyramidal projection neurons is induced by chromophore-targeted
laser photolysis!>. The focal cerebral ischemia caused by 90-min, 2-h
or permanent clump (7-90 d until perfusion), which results in much
stronger infarct than is induced in our experiment, causes the genera-
tion of new neurons from the aSVZ!7-21:22, Furthermore, aspiration
lesion of the cortex induces the migration of neuroblasts from the
aSVZ to cortical lesion sites!®. However, when we injected retrovirus
vectors into the SVZ and white matter before mild ischemic treat-
ment (Supplementary Fig. 6), we found few newly generated neu-
rons, indicating that almost all of the newly generated neurons were
derived from L1-INP cells, at least under the present conditions of
mild ischemic treatment. Thus, damage-induced neurogenesis might
be different in its origin depending on the degree and the kind of
brain damage.

Although the neocortex is composed of neurons of diverse origins,
such as neuroepithelium, the olfactory primordium and ganglionic
eminence?%-42, almost all cortical GABAergic neurons and their stem
cells are developmentally derived from the ganglionic eminence*>44,
Because the L1-INP cells expressed some ganglionic eminence mark-
ers, such as Nkx2.1 and MafB, L1-INP cells may be of ganglionic
eminence origin and maintained in layer 1 of the adult cortex.

What functions do newly generated neurons have? One possibility
is hinted at by the fact that the newly generated neurons contained
GABA, NPY and SOM (Fig. 5 and Table 1). Convulsion and epilepsy
are known to often occur after brain damage, such as ischemic and
traumatic injuries®>. Recent studies have reported that NPY and SOM

have anti-convulsant and anti-epileptogenic functions, suppressing
neuronal activity*®»#’. Thus, newly generated neurons might protect
the brain from damage, suppressing abnormal neuronal activities by
the anti-convulsant and anti-epileptogenic effects of NPY and SOM, as
well as their GABAergic inhibitory actions. If we can regulate the pro-
liferation of L1-INP cells and the survival and differentiation of new
neurons in the future, then these cells will be clinically useful for the

treatment of convulsion and epilepsy associated with brain damage.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

The experiments were conducted in accordance with both the Committee for
Animal Care and Use of the Graduate School of Medicine at Kyoto University and
the Committee of the National Institute of Neuroscience. All efforts were made
to minimize animal suffering and the number of animals used.

Retrovirus-mediated GFP labeling of newly generated neurons. To visualize the
detailed morphology of progenitor and newly generated cells, we used a modi-
fied form of GFP, which had with a membrane targeting signal derived from the
N-terminal SH4 region of the Src family kinase Fyn?’ at the 5’ end. At the 3’ end,
the modified GFP contained the woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE, a gift from T.J. Hope, Northwestern University) to
improve expression by modification of RNA polyadenylation, RNA export and/or
RNA translation.

The retrovirus vector was derived from murine leukemia virus. To construct
the pPDON-AI-CMV-Fyn-GFP-WPRE retrovirus, we cut the pDON-AI plasmid
(Takara Bio) with BarnHI and blunted it. The pBS-CMV-Fyn-GFP-WPRE con-
struct was digested with Xbal and the resulting fragment CMV-Fyn-GFP-WPRE
was inserted into the linearized pDON-AL To construct the pPDON-5-SYN I-Fyn-
GFP-WPRE retrovirus, we digested the pENT-CMV-Fyn-GFP-WPRE construct
with HindIII and EcoRI. The resulting Fyn-GFP was inserted into the same site
of pBS-SYN I-WPRE. First, pBS-SYN I-Fyn-GFP-WPRE was digested by Xhol
and blunted. Second, pBS-SYN I-Fyn-GFP-WPRE was sequentially cut with NotI.
The pDON-5 plasmid (Takara Bio) was cut by PmaCI and Notl. The resulting
fragment SYN I-Fyn-GFP-WPRE was then inserted into the linearized pDON-5.
The retrovirus was produced according to the manufacturer’s instructions accom-
panying the retrovirus packaging kit (Takara Bio). The resulting viral particles
in the culture supernatant were collected and adjusted to 1.0 X 10 transducing
units per ml.

Adult Wistar rats (6-month-old males, 450-550 g body weight; for L1-INP cell
analysis, 10 rats; for ischemic analysis of L1-INP cells, 8 control and 8 ischemic
rats at 4 d and at 1 week after ischemia, total 32 rats; for characterization of
postmitotic cells, 615 control and 6—15 ischemic rats at each time period, total
72 rats; for c-Fos expression analysis, 6 control and 6 ischemic rats at 4 weeks after
ischemia, total 12 rats) were deeply anesthetized with chloral hydrate (35 mg per
100 g of body weight). The virus (0.2 ul of 1.0 X 10° transducing units per ml)
was stereotaxically injected by pressure through a glass micropipette attached
to Picospritzer III (General Valve) into the rat somatosensory cortex of both
hemispheres (2.0-3.5 mm posterior to bregma, 3.5-5.0 mm lateral and 0.2 mm
depth below the cortical surface). A tip of the glass micropipette (tip diameter <
40 um) was cut to 40 degrees to smoothly prick the cortex (Supplementary
Fig. 5). One hemisphere received a total of 3.2 ul (16 injection sites in 1.5 mm X
1.5 mm square) of the virus solution or Hoechst 33258 (1 pg mI™!). Ischemia
was induced as described previously*3. Briefly, 2 d after the injection, both com-
mon carotid arteries were transiently occluded with clamps for 10 min. Control
animals were treated identically, except for occlusion of common carotid arteries.
The rats were allowed to survive for 1, 2, 4 and 8 weeks after ischemia and were
then killed by perfusion.

Antibodies. For primary antibodies, we used mouse monoclonal antibodies to
calbindin (1:2,000, Sigma), calretinin (1:10,000, Chemicon), CD11b (clone OX-42,
1:100, BMA Biomedicals AG), CD34 (1:1,000, Santa Cruz Biotechnology),
GADG65/67 (1:2,000, Enzo Life Sciences International), GAD67 (1:10,000,
Chemicon International), GFAP (1:1,000, Sigma), GFP (1:1,000, Molecular
Probes), Ki67 (1:10, Zymed), NeuN (1:200, Chemicon International), NG2
(1:400, Chemicon International), oligodendrocytes (clone CE-1, 1:2,000,
Chemicon International), panNa, (1:1,000, Sigma), parvalbumin (1:2,000,
Sigma), pH3 (1:200, Upstate Biotechnology), proteolipid protein (1:1,000,

Chemicon International), PSA-NCAM (clone 2-2B, IgM, 1:1000, Chemicon
International) and S100B (1:1,000, Sigma), rat monoclonal antibody to BrdU
(1:100, Abcam), rabbit polyclonal antibodies to c-Fos (1:5,000, Abcam), ChAT
(1:500, Chemicon International), GABA (1:1,000, Sigma), GFP (1 ug ml™!), Ki67
(1:10, Ylem), MafB (1:200, Bethyl Laboratories), MAP2 (1:1,000, Chemicon),
Na, 1.6 (1:100, Alomone Labs), Nkx2.1 (1:800, Santa Cruz Biotechnology), NPY
(1:2,000, Sigma) and SOM (1:2,000, Peninsula), guinea pig antibody to GFP
(1 pgml),and goat polyclonal antibody to Ki67 (1:50, Santa Cruz Biotechnology).
For secondary antibodies, we used antibody to mouse IgG Cy3 (1:200, Chemicon
International), antibody to mouse IgG Alexa 405 (1:200, Molecular Probes), anti-
body to mouse IgG Alexa 488 (1:200, Molecular Probes), antibody to mouse
IgG Alexa 594 (1:200, Molecular Probes), antibody to mouse IgM Cy3 (1:200,
Chemicon International), antibody to rat IgG Alexa 594 (1:200, Molecular
Probes), antibody to rabbit IgG Alexa 350 (1:200, Molecular Probes), antibody to
rabbit IgG Alexa 488 (1:200, Molecular Probes), antibody to rabbit IgG Alexa 594
(1:200, Molecular Probes), antibody to rabbit IgG Alexa 647 (1:200, Molecular
Probes), antibody to guinea pig IgG Alexa 488 (1:200, Molecular Probes), anti-
body to guinea pig IgG Alexa 594 (1:200, Molecular Probes) and antibody to goat
IgG Alexa 488 (1:200, Molecular Probes).

Immunofluorescent analysis. Adult male Wistar rats were used as described
above. Fixation and immunofluorescent staining were performed as described
previously*. For the analysis with BrdU, rats were intraperitoneally subjected to
a single injection of BrdU (50 mg per kg) each day for 5 d. At 24 h after the last
injection, the rats were deeply anesthetized with sodium pentobarbital (50 mg
per kg) and killed by perfusion with 4% formaldehyde in 0.1 M phosphate
buffer (wt/vol, pH 7.2). Hoechst 33258 (Sigma) was used to stain nuclei. We took
double-staining images in sequential mode using a confocal microscope (TCS
SP2, Leica). The confocal laser-scanning images were taken as a z stack with an
optical slice thickness of 120 nm (pinhole corresponding to 1 Airy unit) using a
10x objective lens (HC PL APO, NA = 0.40, Leica), a 20x lens (N PLAN, NA =
0.40, Leica) and a 63x lens (HCX PL APO, NA = 1.40, Leica).

To count the numbers of GFP-positive or Ki67-positive cells in the brains, we
coronally and sequentially cut brain sections at 35-im section thickness from
the olfactory bulb to the posterior region of midbrain. After all sections were
co-stained with the indicated antibodies, the total numbers of GFP-positive or
Ki67-positive cells in all of the sections were counted.

Environmental enrichment. An enriched environment was made according to
a previous report®. Briefly, when not housed in the enriched cages, one rat was
housed in a standard cage (length x width X height, 25 X 35 X 15 cm). In the
enrichment study, three rats were housed together for 2 h in an enriched cage,
which was a large cage (length x width X height, 50 X 60 X 60 cm) with three
tunnels, one ladder and one running wheel, and sawdust was spread over the floor
of the cage along with some kinds of nuts.

Statistical analysis. Data were analyzed by paired Student’s ¢ test or by one- or
two-way ANOVA, and then by Tukey post hoc test. Error bars represent s.d.
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