Figure 3 Reduced cell proliferation and
production of new neurons and astrocytes
in the dentate gyrus of rSey’/+ rats at
postnatal stages. (A) The number of BrdU-
positive cells (green) is decreased in the
DG of rSey’/+ rats after 3-day BrdU
incorporation at 4 weeks. (B) The numbers
of BrdU-positive cells within the DG are
33.3% (P = 0.046), 31.6% (P = 0.021),and
26.2% (P = 0.051) lower in the rSey’/+

rats than in the wild-type at 4, 12, and BrdU* cells/DG
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Decreased cell proliferation in the DG of rSey’/+ rats

To address the question whether postnatal neurogenesis
is affected in the SGZ of Paxé6-deficient rats, we first
compared the total number of BrdU™ cells in the DG
between the wild type and rSey”/+ at 4, 12, and 20 weeks.
Rats were intraperitoneally injected with BrdU three
times a day for 3 days and sacrificed at 24 h after the last
BrdU injection (Kempermann & Gage 1999).In the DG
of the wild type, the total number of BrdU-labeled
cells in the SGZ per hemisphere decreased as the stage
proceeded (Fig. 3A,B). Interestingly, a significant decrease
in the total number of BrdU-labeled cells was observed
in rSey’/+ at 4 weeks (33.3% decrease), 12 weeks (31.6%),
and 20 weeks (26.2%) (Fig. 3B). These data clearly indicate
that the number of proliferating progenitor cells is con-
siderably reduced in the SGZ of Pax6-deficient rat.
Next, we examined the fate of newborn cells in the
DG.The wild type and rSey”/+ rats were injected with
BrdU three times a day for 3 days at 12 weeks and examined
4 weeks later based on the previous protocol (Kemper-
mann & Gage 1999). Although the proliferating rate was

© Blackwell Publishing Limited

Table. Survival rate and developmental fates of Brdu* celts in the dentate gyrus

much decreased in the DG of rSey?/+ (Fig. 3B), there
were no differences in the survival rate of newborn cells
between the wild type and rSey’/+ (Fig. 3D). The percent-
age of NleuN" cells in total BrdU" cells (new neurons)
was also unchanged in rSey?/+ (Fig. 3D). Contrastingly,
the percentage of GFAP" cells in total BrdU™* cells decreased
to less than half in rSey?/+ (Fig. 3D). This is superficially
considered to be a reduction of newborn astrocytes.
Howevet, it is now widely accepted that GFAP™ astrocytes
can serve as neural stem cells in the hippocampus (Seri
et al. 2001). Eventually, the estimated total numbers of
newly generated neurons and astrocytes/progenitor cells
were dramatically reduced in the DG of Pax6-deficient
rat (Fig. 3C).

In a BrdU labeling study for a longer period (2 weeks),
the ratio of BrdU"/Pax6" cells in the wild type was
increased up to fivefold (35%) comparing with the sam-
ples labeled for a short period (30 min) (7.7% at 4 week;
6.3% at 6 week). This may imply that a population of cells
expressing Pax6 contain neural stem cells (or quiescent
GFAP" early progenitor cells) whose cell cycle is longer
than that of GFAP" early progenitor cells. We also found
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that the number of Pax6*/GFAP" double-positive cells
in rSey’/+ was 22% less than that in the WT at 4 week
(WT, 482 578 + 33 757 cells/mm?; rSey?/+, 374 981
21 527 cells/mm?; n =4, P < 0.01). Furthermore, the
number of BrdU*/Pax6” double-positive cells was 27%
decreased in rSey”/+ rats (W'T, 238 208 £ 27 545 cells/
mm?; rSey’/+, 174921+ 13 478 cells/mm®;, n=14,
P < 0.01) in BrdU labeling study for a longer period (2
weeks). All these results consistently suggest that Pax6
is essential for proliferation of neural progenitor cells,
thereby keeping the size of the progenitor pool.

The number of GFAP" early progenitors decreased
in the SGZ of rSey’/+

To further elucidate the role of Pax6 in hippocampal
neurognesis, we investigated at which step a transition of
neurogenesis is impaired by detailed BrdU pulse/chase
experiments combined with immunostaining with
progenitor markers at 4 weeks. At the beginning, we
re-examined the character of Pax6" cells in combination
with BrdU labeling. R emarkably, more than 90% of total
BrdU-incorporated cells in the SGZ expressed Pax6
at 30 min after BrdU injection (Fig. 4A,B). This result

strongly suggests that Pax6 is vital for the cell prolifera-
tion in postnatal hippocampal neurogenesis. The fact that
Pax6" cells are highly proliferative may also explain why
they were often seen in clusters in the SGZ (Fig. 1A,C).

Then we investigated the cell-type transition of BrdU-
incorporated cells in the SGZ of the wild-type and
Pax6-deficient 4-week-old rats at 30 min,24 hand 72 h
after BrdU injection. In the wild type, the percentage of
Pax6" cells in total BrdU" cells became markedly reduced
from 30 min to 72 h,but 58% of BrdU™ cells still expressed
Pax6 at 72 h (Fig. 4B). The frequency of GFAP" in total
BrdU" cells decreased between 30 min and 24 h after
BrdU injection (Fig. 4C). Contrastingly, the ratio of
PSA-NCAM" in total BrdU" cells increased between
30 min and 24 h after BrdU injection (Fig. 4D). These
data are basically consistent with the results obtained in
the mouse (Seri ef al. 2001; Fukuda et al. 2003).

The same analyses were then performed on the DG
of the rSey?/+ rat. The percentage of Pax6* cells in total
BrdU™ cells slightly decreased but was statistically un-
changed between the wild type and rSey’/+ (Fig. 4B). In
contrast, we found a significant decrease (38.4% decrease at
24 h; 49.6% decrease at 72 h, P < 0.03) in the frequency
of GFAP" cells in total BrdU" cells (Fig. 4C) and an
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Figure 4 BrdU pulse/chase labeling assay in the DG of the 4-weck-old wild type (WT) and Pax6 deficient (rSey?/+) rats. (A) Confocal
micrographs of BrdU-labeled Pax6" cells 30 min after BrdU injection. Most of BrdU labeled cells co-express Pax6 (arrows). In 7Sey?/+,
the expression level of Pax6 protein is reduced and the number of Pax6" cells is less than in the wild type. (B-D) Percentage of BrdU-
labeled cells in the SGZ at 30 min, 24 h, and 72 h after BrdU injection. (B) At 30 min, more than 90% of BrdU" cells co-express Pax6.
From 30 min to 72 h, the number of Pax6" cells becomes markedly reduced inWT and rSey’/+. (C) Frequency of GFAP” in total BrdU*
cells is less in rSey”/+ at 24 h and 72 h after BrdU injection. (D) Contrastingly, more PSA-NCAM?" cells are observed in total BrdU*

cells in rSey?/+ at 24 h and 72 h after BrdU injection.
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opposite increase (15.1% increase at 24 h; 13.5% increase
at 72h, P<0.03) in PSA-NCAM" cells (Fig. 4D).
These data clearly indicate that maintenance of GFAP*
early progenitor cells is extremely impaired in the DG of
1Sey’ /+.

We performed BrdU pulse labeling study with a short
survival period (5 days) to examine whether Pax6 accel-
erates the neuronal differentiation from dividing PSA-
NCAM" late progenitor cells to NeuN expressing
immature neurons. The ratio of NeuN"/BrdU™ cells in
this study was unchanged between WT and rSey?/+ (4w
WT, 63.4%; 4w 1Sey’/+, 66.6%; n=4, P=0.36).
Therefore, Pax6 may not be involved in neuronal differ-
entiation but in maintenance of the GFAP" early pro-
genitor cells by regulating their proliferation.

‘We further examined how the character of neural pro-
genitors in the DG was different between the wild type
and rSey’/+ at 4 weeks. As described previously, 31.5%
of Pax6" cells co-expressed a marker for the late progen-
itor, PSA-NCAM (Figs 1B and 5C). Quite interestingly,
Pax6*/PSA-NCAM" cells dramatically increased up to
55.5% in rSey®/+ rats (45/81 cells; 76% increase than that
of wild type; Fig. 5B,C). Moreover, GFAP and PSA-
NCAM double-positive cells were scarcely detected in
the DG of WT rats, while such GFAP*/PSA-NCAM"*
cells were quite often observed in the DG of rSey?/+ rats
(Fig. 5D). These results may imply that premature neu-
ronal differentiation occurs in the DG of the rSey’/+. As
seen in 16-week rats (Fig. 2C,C’), the number of GFAP*
cells was much less in the SGZ and hilus, and GFAP*
cells have thin and underdeveloped processes in rSey”/+
rats (Fig. 5A,E). Quantitatively, the level of GFAP
expression was 16% less in the mutant hippocampus as
judged from real-time polymerase chain reaction (PCR)
(data not shown). These results suggest that hippocampal
neurogenesis is quite abnormal in Paxé-deficient rat. All
the findings consistently suggest a pivotal role of Pax6 in
maintenance of the GFAP* early progenitor cells in the
postnatal hippocampus.

Wnt signaling is impaired in the DG of rSey’/+

‘What kinds of molecules then regulate cell proliferation
under the control of Pax6 transcription factor? Among
various candidate factors, we focused on Wnt signaling
molecules because their expressions are reported in the
postnatal DG (Shimogori ef al. 2004) and also because
we ourselves have shown down-regulation of aWnt lig-
and expression in rSey’/rSey’ rat embryos (Osumi ef al.
1997; Takahashi et al. 2002).

We first searched expression patterns of various Wnt
signaling molecules by performing in situ hybridization
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of genes encoding Wnt ligands, Frizzled receptors, and a
downstream molecule Dvll. Among them, Wnt7a,
Whnt7b, Fz3, and Dwll showed interesting expression
patterns in the DG for 3—4 weeks (Fig. 6). Wnt7a,a Wnt
ligand, was preferentially expressed in the hilus and along
the SGZ of the blades of the DG. Another Wnt ligand,
Whnit7b, was detected in the SGZ and the GCL, but
Whit7b-expressing cells did not morphologically seem to
be gramule cells in the GCL. Weak expression of Wnt3a
was also detected in the SGZ at 2 weeks, but almost
diminished by 4 weeks in the rat (data not shown). These
expression patterns of Wnt ligands hint us to imagine
that they are expressed in the progenitors themselves or
other cells that may constitute a niche for keeping the
undifferentiated state of the progenitor cells. In the DG
of rSey’/+, the number of Wnt7a-expressing cells
significantly decreased (687 cells in the wild type; 576
cells in rSey’ /+; 16% decrease), and the number of Wat 75~
expressing cells also decreased (607 in the wild type; 544
in rSey®/+;11% decrease). We could not observe any dif-
ference in expression of Wat3a in the DG of rSey’/+.
Expression of a Wnt receptor Fz3 was detected mainly
in the GCL,and unchanged in the DG of rSey?/+. Con-
trastingly, the expression level of Dyvl1 was increased in
the DG of rSey’/+ (Fig. 6). Taken altogether, Wnt sign-
aling is impaired in the DG under the Pax6 deficient
condition, which may result in reduced proliferation of

* GFAP" early progenitor cells in rSey?/+.

Discussion

Pax6 expressed in GFAP” early progenitor cells in
hippocampal neurogenesis

Previous papers suggest that adult hippocampal neuro-
genesis originates from precursor cells in the DG and
results in new granule neurons through muldple steps
from the GFAP* early progenitor cells to the PSA-
NCAM?* late progenitor cells (Seri et al. 2001; Fukuda
et al. 2003; Kempermann et al. 2004). In the present study,
we revealed that Pax6" cells frequently co-expressed GFAP
and Musashil, sometimes expressed nestin and PSA-
NCAM, but scarcely co-expressed NeulN in the SGZ of
the postnatal DG (Fig. 1B). That is, Pax6 is considered to
be expressed mostly in the GFAP" early progenitor cells.

The ratio of nestin-positive cells among BrdU" was
less than that in a previous study using nestin-EGFP
reporter mice (Filippov et al. 2003; Fukuda et al. 2003).
This may be due to difference in sensitivity of anti-nestin
anttbody and duration of nestin-promoter-driven EGFP.
More importantly, a large number of Pax6"/GFAP” cells
had early progenitor-like morphology with a long radial
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Figure 6 Altered expressions of Wnt-
signaling molecules in the DG of rSey’/+.
In the hippocampus of wild-type, Wnt7a is
expressed in the SGZ and hilus, while
Wni7b, Fz3, and Dvll are expressed in
the GL and SGZ. In the hippocampus of
1Sey’ /+, the number of Wat7a~ and Wat7b-
expressing cells was decreased, and the
expression level of Wnt7h was down-
regulated. Contrastingly, the expression
level of Dwlt was increased in the DG of
1Sey’/+. No difference between the wild-
type and rSey’/+ ‘was observed in the

Fz3

Dviy

expression level of Fz3.

process (Fig. 1C’), and Pax6"/nestin” mostly showed a
GFAP" early progenitor shape (Fig. 1B) and sometimes
a PSA-NCAM" late progenitor cell shape. Pax6" cells
sometimes co-expressed PSA-NCAM, but such Pax6"/
PSA-NCAM®* cells always exhibited the late progenitor
cell-like morphology. From immuno-electron micro-
scopy, we found that the majority of Pax6" cells showed
features corresponding to type B cells, and that a small
number of Pax6™ cells had characters corresponding to
type D cells, while Pax6" cells never showed phenotypes
of granule cells (Fig. 1D,D’, E,E’). Therefore, it is

Figure 5 Abnormal PSA-NCAM" cells and GFAP® cells in
1Sey? /+ rats at 4 weeks. (A) In rSey”/+ rats, there are fewer GFAP*
cells whose processes are thin and underdeveloped. (B) PSA-
NCAM?" cells are increased in number and abnormally colonized
at the SGZ in rSey’/+ rats. (C) In the wild-type (WT) rat, PSA~
NCAM? cells scarcely co-express Pax6. Contrastingly, many Pax6"
cells co-express PSA-NCAM in rSey?/+ rat. In rSey?/+ rat, Pax6
expression is down-~regulated comparing withWT. (D) In the WT
rat, PSA-NCAM" cells scarcely co-express GFAP, Contrastingly,
many PSA-NCAM? cells co-express GFAP in rSey?/+ rat. (E) In
the WT and rSey?/+ rats, a GFAP" radial glial cell co-expresses
Pax6. In the rSey?/+ rat, a process of the GFAP+ radial glial cell
is thin and undeveloped, and the expression of Pax6 is reduced.
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concluded that more than half of Pax6" cells have the
character of the GFAP" early progenitor cells in the SGZ
of the hippocampus (Fig. 7).

At present there are no good markers that propeily
distinguish quiescent neural stem cells from the progenitor
cells in the hippocampal neurogenesis. However, we found
that the ratio of BrdU" cells in Pax6" cells increased fivefold
in a 2-week BrdU labeling compared to that in a 30-min
labeling. It is thus likely that a population of Pax6-
expressing cells may include the quiescent neural stem/
progenitor cells in the hippocampus.

The role of Pax6 in posinatal hippocampus

As discussed above, Pax6™ cells have the character of
neural stem cells and GFAP" early progenitor cells in the
DG of postnatal hippocampus. It is thus expected that
Pax6 is involved in cell proliferation and/or cell differ-
entiation in hippocampal neurogenesis.

There are some papers where Pax6 is involved in cell
proliferation in developing cortex (Warren et al. 1999).
We found from BrdU labeling analyses that cell prolifer-
ation was dramatically reduced in the Pax6-deficient DG
(Fig. 2A). In addition, more than 90% of total BrdU*
cells were Pax6-positive at 30 min after BrdU injection
in the SGZ of adult hippocampus (Fig. 4A,B).These data
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PSA-NCAM*
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Neuron

nestin® nestin~
PSA-NCAM™ NeuN*
Pax6t~ Pax6~

Figure 7 The role of Pax6 in adult hippocampal neurognesis. Distinct progenitor cells are identfied on the basis of morphology,
proliferative activity, and marker expressions. In the wild type (WT), GFAP" early progenitors have a radial glial appearance with the cell
body in the subgranular zone (SGZ) of the dentate gyrus, and also express nestin and Pax6. PSA-NCAM? late progenitors have plump
short processes that are oriented tangentially, and they are nestin*’", GFAP-, PSA-NAM®* and Pax6*/", Mature neurons in the granule
cell layer (GCL) retain a vertical morphology with a rounded or slightly triangular nucleus and clearly visible apical dendrites, and they
are nestin", Pax6~, and NeuN". In Pax6 deficient condition (rSey’/+), GFAP" early progenitors have a thinner and undeveloped radial
process and are fewer in number than in the WT. There is a2 more rapid shift from the GFAP* early progenitor cells to the PSA-NCAM?*
late progenitor cells in rSey?/+ (big arrow). These PSA-NCAM?" late progenitors show abnormal morphology, ectopic location, and
altered molecular character (i.e. increased PSA-NCAM*/Pax6* and PSA-NCAM*/GFAP* double positive cells). That is, production of
the early progenitor cells is impaired in Pax6 deficient condition, thereby generating fewer neurons (dotted arrow).

strongly suggest that Pax6 is vital for the cell proliferation
in the hippocampal neurogenesis. Then, for which steps
of the neurogenesis is Pax6 required in cell proliferation?

Previous papers report that both GEAP" early progenitor
cells and PSA-NCAM" late progenitor cells are transit
amplifying cells. Rapid transition from GFAP* early
progenitors/type B cells to PSA-NCAM late progenitors/
type D cells occurs between 2 and 24 h after the BrdU
single injection (Seri ef al. 2001; Fukuda ef al. 2003). In
the similar experiment, we found dramatic decrease
in the number of GFAP*/BrdU" cells and an inverse
increase in the number of PSA-NCAM®/BrdU* cells in
the SGZ of the rSey’/+ (Fig.4C,D). Moreover, the
morphology of GFAP* cells was altered in rSey®/+

1010 Genes to Cells (2005) 10, 1001-1014

(Figs 2C’, 5A, 5E). Our findings suggest that the mainte-
nance of the GFAP" early progenitor cells is perturbed
in the DG of the rSey”/+, presumably resulting in a more
rapid shift from the GFAP” early progenitors to the PSA-
NCAM" late progenitors (Fig. 7).

There are some reports that Pax6 promotes neuronal
differentiation in the developing cortex and adult SVZ
(Heins ef al. 2002; Hack et al. 2004, 2005). To test the
possibility that Pax6 is involved in neuronal differentia-
tion in the postnatal hippocampus, we examined the
ratio of NeuN"/total BrdU" cells at 5 days time point
after the BrdU injection in rSey?/+. The ratio of NeuN*
/BrdU" cells in rSey?/+ was not different from that in the
WT, even though there is a more rapid shift from the
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GFAP" early progenitor cells to the PSA-NCAM™ late
progenitor cells in rSey?/+. Therefore, such abnormally
differentiated PSA-NCAM late progenitor cells did not
effectively contribute to produce neurons. In fact, these
PSA-NCAM" late progenitor cells exhibited abnormal
characters; they often retained GFAP expression, which
is hardly observed in the WT, and did not line up at the
SGZ but colonized in disorganized positions (Fig. 5B,D).
Since we observed increased cell death in rSey®/+ (M.M.
and N.QO., unpublished observation), such functionally
abnormal PSA-NCAM?" late progenitor cells may
eventually die off in the SGZ of the rSey?/+. Taken
altogether, Pax6 functions in cell proliferation rather
than differentiation in the DG.

We found a marked decrease of the percentage of
GFAP" in BrdU"* cells in rSey’/+ compared with the
wild type, while no significant difference was detected
in the percentage of NeulN" in all BrdU™ cells at 4 weeks
after the BrdU injection (Fig. 3C,D). However, since the
total number of BrdU" cells dramatically decreased in
1Sey’/+, newly generated granule cells were markedly
reduced in rSey”/+ rat. Eventually, at 16 weeks, the GCL
became thinner in the DG of rSey?/+ rats than that
of the wild type (Fig. 2B). Therefore, it is suggested that
Pax6 primarily functions to maintain the progenitor pool
in the hippocampus; if the size of the progenitor pool is
reduced by Pax6 haplo-insufficiency, the subsequent
production of neurons is severely impaired.

The number of Pax6*/GFAP* cells, BrdU™ cells (BrdU
labeling three times a day for 3 days) and BrdU*/Pax6"*
cells (BrdU labeling two times a day for 2 weeks) were
already more reduced in rSey’/+ rats than in WT rats at
the earliest time point we observed (4 weeks). Therefore,
it is possible that Pax6 is necessary for the production of
GFAP" early progenitor cells during the initial forma-
tion of the hippcampus. This is quite reasonable because
we observed that extremely less GFAP* cells (including
not only those mature astrocytes but also neural stem/
progenitor cells) were produced in the DG of rSey’/+
rats (Fig. 3C,D). Taken all together, it is concluded that
Pax6 is necessary for keeping a good balance between cell
proliferation and differentiation in the hippocampal neu-
rogenesis (Fig. 7).

Pax6—Wnt pathway in hippocampal neurogenesis

Because Pax6 is a transcription factor, its influence on the
production of GFAP” eatly progenitor cells is naturally
brought by transcriptional regulation of other genes.
Although several secreted molecules such as EGE FGF2,
BDNE and Shh have been known to regulate adult neu-
rogenesis (Craig et al. 1996; Kuhn et al. 1997; Tropepe
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et al. 1997; Zigova et al. 1998; Machold et al. 2003), we
could not find any difference in expression of these mol-
ecules in the DG of rSey?/+ rats (not shown). However,
we have found dramatically different expression patterns
of genes involved in Wnt signaling pathway.

Whnt genes encode secreted proteins that regulate fate
decisions of various cells depending on the context.
The functions of Wnt signaling are studied intensively
in many aspects of embryogenesis such as anterior—
posterior axis formation, cell type specification, cell prolif-
eration, and axonal growth (Patapoutian & Reicharde
2000; Wang & Wynshaw-Boris 2004; Zou 2004).
Although Wnt signaling in the postnatal brain has
been comparatively little investigated, a recent report
describes remarkably patterned gene expressions of
Wnt signaling components in the postnatal mouse brain
including the hippocampus (Shimogori et al. 2004). In
addition, Wnt signaling has already been reported to be
altered in embryonic brains of Pax6 mutant mice and rats
(Grindley et al. 1997; Osumi et al. 1997; Warren & Price
1997; Kim et al. 2001; Takahashi et al. 2002). We found
specific expression of Wat7a and Whnt7h in the wild-type
SGZ, and marked reduction of What7a and Wht7h
expressions in the DG of the rSey’/+. Conversely, Dv1
was up-regulated in the DG of the rSey’/+ (Fig. 6).
Therefore, Wnt signaling is altered in the Pax6-deficient
DG.

During cortical development, Wnt signaling has
multiple and stage-specific roles. In early embryonic
stages, Wnt7a, 7b, and stabilized B-catenin promote self-
renewal of neural precursor cells and suppress neural
differentiation (Chenn & Walsh 2002; Viti et al. 2003).
On the other hand, it is reported that the Wnt/[3-catenin
pathway directs neuronal differentiation of the cortical
precursor cells at later developmental stages (Hirabayashi
et al. 2004). Curiously, in adult hippocampus, lithium
facilitates proliferation and differentiation of progenitor
cells to a specific neural cell type by perturbing functions
of GSK3P, a pivotal player not only in the PI3 kinase
pathway but also in Wnt/-catenin pathway (Chen et al.
2000; Kim et al. 2004). In the present study, we found
that specific expressions of Wnt ligands in the SGZ and
that Wnt signaling is altered in the DG of Pax6-deficient
rat (Fig. 6) suggest an intriguing possibility that impaired
Wnt signaling may perturb the production of GFAP*
early progenitor cells in postnatal hippocampus. Expres-
sion patterns of Wat7a and 7b may also support the idea
that cells expressing Wnt ligands constitute an environ-
ment as a stem cell niche to maintain neural progenitor
cells. It would be important to elucidate how Pax6-Wnt
signaling coordinately regulates proliferation of neural
stem cells/GFAP" early progenitor cells in the SGZ.
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‘Experimental procedures
Animals

Large colonies of heterozygous Paxé mutant rats (rSey’/+) and
wild-type Sprague-Dawley (SD) rats (littermates of rSey’/+ rats)
were maintained at Tohoku Univetsity School of Medicine and
National Institute of Neuroscience. The genotype of rSey’/+ rats
was distinguishable based on the presence of eye defects. All animal
experiments were carried out in accordance with the National
Institute of Health guidelines for the care and use of laboratory
animals and were approved by the Committee for Animal Exper-
iments in the aforementioned organizations.

Tissue preparation

Rats were deeply anesthetized with diethyl ether or pento-
barbital sodium before sacrifice. Brains were perfused trans-
cardially with 4% paraformaldehyde (PFA) in 0.01 m PBS
(sodium phosphate buffer, pH 7.4) or 4% PFA and 0.5% picric
acid in 0.01 M PBS, or 2% PFA and 2.5% glutaraldehyde in
0.01 M PBS, for immunohistochemistry, immuno-electron micro-
scopic analysis, and conventional electron microscopic analysis,
respectively. The brains were incubated in the same fixative for
2 hat 4 °C and cut into 70 {lm coronal sections with a vibrat-
ome (Leica) or cut by a cryostat (Leica) into 14 fm sagittal
sections.

Immunohistochemistry

Procedures were basically according to the previous reports
(Osumi et al. 1997; Fukuda ef al. 2003). Detailed information will
be provided on request. Antibodies against Musashi, nestin, and
PSA-NCAM are kind gifts from Drs Hideyuki Okano, Masaharu
Ogawa, and Tatsunori Seki (Miyata & Ogawa 1994; Seki & Arai
1999; Kaneko et al. 2000). Fluorescent signals were detected using
a confocal laser-scanning microscope (Leica) or a fluorescent
microscope (Axioplan-2, Zeiss).

BrdU labeling analyses

Four-week-old rats received single intraperitoneal injections of 5-
bromo-2~deoxyuridine (BrdU) (Sigma, St. Louis, MO) at 50 pg/
kg body weight (10 mg/mL stock, dissolved in 0.9% saline), and
were sacrificed at 30 min, 24 h, and 72 h after the injection (Seri
et al. 2001; Kemnpermann ef al. 2004). For cell fate analyses, 4-, 12-
or 20-week-old rats received similar injections of BrdU three
times a day for 3 days, and were sacrificed at day 1 or 4 weeks later
(Kempermann & Gage 1999). For quiescent stem cell analysis,
4-week-old’ rats received injections of BrdU twice a day for
14 days, and were sacrificed 1 day later (Magavi ef al. 2000). Seventy
micrometers free-floating sections were cut and incubated in 2 N
HClI for 1 h at room temperature, and washed in 0.01 M PBS
(Saegusa et al. 2004). Otherwise, 14 jim frozen sections were
boiled in 0.01 M citric acid and incubated in 2 N HCl for 10 min
at 37 °C, and washed in 0.01 M PBS.
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Quantification

For BrdU pulse/chase examination, percentages of Pax6*, GFAP*,
or PSA-NCAM" in total BrdU™ cells were calculated in three sections
per hemisphere. For quantification analysis, sampling of BrdU-
positive cells was performed throughout the DG in its rostrocandal
extension. Every sixth section (14 {im) was used for counting, and
the total number was obtained by multiplying the value by 6
(Kempermann & Gage 1999). For the fate analysis, BrdU*/
NeuN" in total BrdU™ cells and BrdU*/GFAP” in total BrdU™ cells
were counted in three adjacent sections in the same rostrocaudal
regions of a DG (Kempermann & Gage 1999). For the quantifi-
cation of the number of GFAP*/Pax6* double-positive cells and
Pax6*/BrdU* double-positive cells, we counted these cells within
the limited range in six adjacent sections and calculated the den-
sity. The number of these cells was counted in the blind manner.

Electron microscopy

Procedures were basically according to the previous reports (Yuasa ef al.
1996; Saegusa et al. 2004). Detailed information will be provided on
request. These ultrathin sections were stained with lead citrate and uranyl
acetate, and observed under a Hitachi H-7000 electron microscope.

Int situ hybridization

Procedures were basically according to the previous reports
(Osumi et al. 1997; Takahashi et al. 2002). Wnt7a- and Wht7b-
expressing cells were counted on three adjacent sections in the
same rostrocaudal region of a DG.

Statistical analysis

Statistical analyses were performed with Microsoft Excel (Office
98), and ANovA or two-sided #-test was applied when appropriate.
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ACC DHERER KL TWw A EEZ 6N T3,

ERETRIG M RRE DO BEIE T 2, WEPOEE ) DfFP
RIS S DRI BV TRIN TV S, Zhick
LT O»OMEFEEERTIIEDZWE LT3,

Bhbl PTEd REANEREN/AEREREERSY
®Fbs LI [H #%

0289-0585/05/ ¥500/3#3Z/JCLS

WA FE I R A

Trichard &', FREORE L 5 DR OEEE IHEEEL &
WZ E, W15 DERSERL - BICERERE R EE T S 2
ERBASPIZLTWS, BED I 2D WCST eBlF 3
BREETHIMEE N T AH3D  Umn L Austin 5213,
ZORBEIETIRESWZbDT, LarbATray 8T
DHEFD oI LT3,

Moritz & 9% Ravnkilde &74%, Stroop B@EZHWTS
ORBETTESESIRE VT & BHEL T3, Schatz-
berg 521%, JEREMRM: & bR TRMEED 5 DB TR,
BRIOTHBHRIKREV I ERREL VS, 51T,
EE LT DFBREICBWT & EEY Stroop TSR I
BEL, FANZEE2ERT 250520 ZhiexfL
T, 5 D TRER R Stroop THRIREED LW ET S
s b EET 25,

WNHRELIEDDROY T4 7, EHIEE, BEOCFIE,
HIERHR E o ek RER O DD, —EHERT EEED
BB, 5OFICBWTE DLPFC ® ACC OBEEENET
ERBY BEMENL L HEDO TS,

B i |

FHERCIT O N IR EGRATIRIE, £ { O S D
JEEE D DLPFC, FrEF RicB v TilimeAH#OIET
PREL Cnw5E @ DLPFC OIEEOIET I, IRAD
EREE LA L, BHnEERE O RAEE T L HE T
ZZEbEHshTws, o, ACCEL THmEe
R#OBETEZRER T IMENEONTVLEY, ThiEKE
DEBERCER T 2 L ORFEOLH Y, BROMBIRCHE
BEETS

5 DIROLHEFORILF - RFCBIL Tk, ZOHIEER]
Er R REFES CORT 1B —R L gL LTHE S
nNTn3,

[ i cm s R TR O B S

BT, bhbh®k Z 5 TT - T b EEAIBTEATE
REREIFIES e PRRET A Z NS N T WA EERE
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transverse

sagittal coronal

1 ERERGMHRER TR ORIEEIOIEE
ERIRETE GESMAD, FHRET A 6 h 2 BIEEHZ L
W, [FEROBIZ] - [} (BEIH)

sagittal coronal

ERIBEREY OF L3 & UHPElEEED) ORIEENLZ Ly,
lasacl TE¥ZELL] (EEN-—ER)

HERREESS, AAMURTETE 2 E2EET 2 2 e s
T % GO/NOGO 87 ¥ O DEEFFREIRITIR O
D DOROMEEEAE OB REZERT 5.

SRS EERE 2 AV ) DB O REERTE

IF&IE DSM-IVO K S Dt EEORMER 2 H7-F
IR B R IRBERE R - ERIABRIREFR O 5 DR 10
Bl, BXUER - FISFEEeyF I BER
T 47 10FITH S, 5 DfEED Hamilton 5 DIFEM
RE 178 E (HRSD) O ¥R 5B 4513 19 2 (14~27 &) T
Bodz, ik, WREMSIE, LERFERENHEESS
OAERE D Il 70 b a—nichve, Bk 2HEOR
HERASEZBHALIL LT, XBCLIFAERE:.

SRR, #HEECN L SHEU SR DHE
XEWZE T BEERCIRRL, FORUTNF DEX
FCHEHHEBRPFICEHESTHOPTROELRS LS
BN L7z, IRERE T, HERE L 3P| T a7
ERRL, FOCWR RT A EHOPFTHRYET LD
BRLz.

FAEL, & condition 2 30 B T L wH AW 3ET DD
BT 7oy iYL e, ZOMOREE % 1.5 Tesla
@ MRI #E& (GE #&80) % v L, SPM 99 2w T
fiFEAF % 1T - 7z (random effect model).

MEEBCEMBL N7+ —v A F—F, BHEQH
MBI EEFT25.8+8.3 M, 5 DWEERHETI16.4+
4.8 HThH -7z, MEVEER I DL, BEER 5 O
BERE L IR RT & R U ¢ S EMIG I RER
TTHCARTETT S L U THARIWCESN LR U, @
FRTIE, Ths ol TRERERTEP K B W
TEEZEEBA N0, BEFHTE A ONZ»o 2 (H
). %7, MEEOEELRICEWTIE, BENT, @5

e R U CERBEMEO— CES LEOBRENFEI
Bhrotz, &z, BIRSHORRD S, HEBEBOBEEH
HRSD 0#af5sH, ¥ 2HEoRE5R  oficEE MO
b BHEBRE RS s o7,

INSDFER» S, 5 OFEHE T B BRI EHRERT
Iz BTE S N A AR OBEE T RE S iz, §5
WIBREL, HoLEBE»00SEOWMDHL Z2A T
5. ZhiE, O OfRE DR O & o TREFHNE Ghlk) B
HELTW3bDEEZ NG, PIZIELHED DREEDE
&, YEOBIBEPITEVEVS TR ZIEZEL LD
5. INOORZBEBCHIEEDOV/S— Y —h b,
KADBIZ 2RI EDbE TR H LT 2EETH Y,
ZOEEFRBRIBGEHREE i VL Tn 2,
@] GO/NOGO FE % FL Vi 5 DiREOIKIEEEETER

St IE DSM-IVT K S DR O MBE R+ O
BERES G (B 36, L2 6, TR 47.6+12.6 7%,
¥ HRSD 22.046.4 2) &, Fip - HRlE v F IS
VIARERT 7 4 7 5 5 (CFIERD 47.4£11.15%) . 5RRE
BXERRYLSNOT VT 7Ry s DHBT v Mt
&N 3 GO condition, X FR Y EFhUAOT7 N
TRy b EWNIIIOHETI VIV LAKRETRENS
NOGO condition THEEL & 1, % condition % 30 7 &z
REWIETOEBEVET T ay 7 74 vk Ui, R
i, FYFAREBRENE TNV 7Ry bz LT, X
FoBYUADT LT 7Ny N ISHLRRCIETE 520
BLAEFOAZLIETRY 2 L(GO), X 7213 Y »3
H7-BA G Ly (NOGO) & 3 R LTz, 2 BARW
RELBRFEFMGEEESORR L O, #EE I
FHEN L > THIFROBENEAREPAL T, XTI L2
BEBID 2 Tiro /. #EIX, % condition % 30 BT &
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WHREWR 3BT OEBVRET Ty s 7YV 4vEL, JOM
DO ES % 1.5 Tesla ® MRI & (GE #8) % H v iy
L, SPM 99 % Hw T % 3 Z %o /= (fixed  effect
model)

Fhsy e fER Cld b 2 28, BEEFFETIE response inhibi-
tion (2 BEE U 7-BIEEDLS, Avhd & O LETEEHE], A THEIE
B L UREERPSD 2 DOEBTAONT. —F, 5D
FEREHCA LWEE S X O THEELE ST 1 D08,
TH SN, AHEINFOEERIEE AL Mo
72 (K 2).
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