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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
Wht7h, Fz3, and Dvll are expressed in
the GL and SGZ. In the hippocampus of
1Sey? /+, the number of Wht7a- and Wat7b-
expressing cells was decreased, and the
expression level of Wht7b was down-
regulated. Contrastingly, the expression
level of Dvi1 was increased in the DG of
rSey?/+. No difference between the wild-
type and rSey’/+ was observed in the
expression level of Fz3.
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process (Fig. 1C"), and Pax6*/nestin® mostly showed a
GFAP" early progenitor shape (Fig. 1B) and sometimes
a PSA-NICAM" 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
rSey? /+ 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 with WT. (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" eatly progenitor cells in the SGZ
of the hippocampus (Fig. 7).

At present there are no good markers that properly
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 stemn/
progenitor cells in the hippocampus.

The role of Pax6 in postnatal 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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Figure 7 The role of Pax6 in adult hippocampal neurognesis. Distinct progenitor cells are identified 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 a 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 GFAP 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 et 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. 4CD). Moreover, the
morphology of GFAP' cells was altered in rSey’/+
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(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 et 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 NeulN"/total BrdU" cells at 5 days time point
after the BrdU injection in rSey?/-+. The ratio of NeulN*
/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" carly 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.O., 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 NeuN" 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
rSey?/+, 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-
rogenests (Fig. 7).

Pax6—Wnt pathway in hippocampal neurogenesis

Because Pax6 is a transcription factor, its influence on the
production of GFAP* early 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.

Wt 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 & Reichardt
2000; Wang & Wynshaw-Boris 2004; Zou 2004).
Although Wnat 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 Wat7bh in the wild-type
SGZ, and marked reduction of What7a and Whnt7bh
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 carly embryonic
stages, Wnt7a, 7b, and stabilized -catenin promote self-
renewal of neural precursor cells and suppress neural
differentiation (Chenn & Walsh 2002; Vit ef al. 2003).
On the other hand, it is reported that the Wnt/B-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 GSK3[, a pivotal player not only in the PI3 kinase
pathway but also in Wnt/ B-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
Wt signaling may perturb the production of GFAP*
early progenitor cells in postnatal hippocampus. Expres-
sion patterns of Wnt7a 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
stemn cells/ GFAP" early progenitor cells in the SGZ.
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Experimental procedures
Animals

Large colonies of heterozygous Pax6 mutant rats (rSey’/+) and
wild-type Sprague~Dawley (SD) rats (littermates of rSey’/+ rats)
were maintained at Tohoku University 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 Jtm coronal sections with a vibrat-
ome (Leica) or cut by a cryostat (Leica) into 14 pim sagittal
sections.

Inununohistochemistry

Procedures were basically according to the previous reports
(Osumt et al. 1997; Fukuda et 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; Kancko 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; Kempermann 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-weck-old rats received injections of BrdU twice a day for
14 days, and were sacrificed 1 day later (Magavi et al. 2000). Seventy
micrometers free-floating sections wete cut and incubated in 2 N
HCI for 1 h at room temperature, and washed in 0.01 M PBS
(Saegusa et al. 2004). Otherwise, 14 pm 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.

1012  Genes to Cells (2005) 10, 1001-1014

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 rostrocaudal
extension. Every sixth section (14 pum) 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 et al.
1996; Saegusa ef 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.

In situ hybridization

Procedures were basically according to the previous reports
(Osumi et al. 1997; Takahashi ef al. 2002). Wht7a- and Wni7b-
expressing cells were counted on three adjacent sections in the
same rostrocaudal region of a DG.

Statistical amalysis

Statistical analyses were performed with Microsoft Excel (Office
98), and aNOVA or two-sided #-test was applied when appropriate.
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Cue availability changes the orbitofrontal activation
for olfactory stimuli

—A NIRS imaging study—

Takeo KonDo*, Shiori AovamMa**, Rie FukumoTo™*,
Yuri Saito**, and Tamotsu TosHIMA™*

Research Center for Advanced Science and Technology, The University of Tokyo* and Hiroshima University ¥¥

Some studies have reported that the orbitofrontal cortex (OFC) increases its activation relative
to the intensity of an olfactory stimulus. On the other hand, some studies have suggested that this
phenomenon is not observed. The procedural difference of the 2 groups of investigations was the
concurrent presentation, or not, of an additional cue. Our study focused on this difference and
involved a neuro-imaging technique to investigate the effects, on 6 participants, of a verbal cue and
changes of olfactory stimulus intensity. We observed that when the verbal cue was absent,
activation of the OFC was related to the stimulus intensity. This result was in agreement with the
observations of previous studies. However, although activation of the OFC is linearly related to
the intensity of the olfactory stimulus when other cues are present this linear relationship may

become unclear.

Key words: olfaction, orbitofrontal cortex, near-infrared spectroscopy

Introduction

Several neuro-imaging studies suggest that the or-
bitofrontal cortex (OFC) is a higher center for proc-
essing olfactory stimuli. However, the OFC is consid-
ered to play various roles, not only for olfactory
sensory processing but also for aecommodating
adaptive behavior. Thus there is some disagreement
about the reason for activation of the OFC when this
is evoked by olfactory stimulation. Although some
studies have suggested that OFC activation (the
amount of blood flow) would increase relative to
olfactory stimulus intensity, other studies have re-
ported that the stimulus intensity did not have an
effect on the amount of activation. In some neuro-
imaging studies which have measured the activation
of the OFC evoked by olfactory stimuli, there have
also been vocal, visual, or haptic cues concurrently
presented. However, because the OFC is involved jn

* Barrier-Free Project, Research Center for Ad-
vanced Science and Technology, The University
of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-
8904

* Department of Psychology, Hiroshima Univer-
sity, Kagamiyama 1-1-1, Higashi-hiroshima 739-
8524

associative learning, the use of these cues might
mask any effects of changing the stimulus intensity.
Indeed, an intensity effect was observed in a study in
which concurrent cues were not used (Rolls, Kringel-
bach, & de Araujo, 2003). However, the effect has not
been observed in studies in which have used these
cues (Royet, Hudry, Zald, Godinot, Gregoire, Lav-
enne, Costes, & Holley, 2001; Anderson, Christoff,
Stappen, Panitz, Ghahremani, Glover, Gabrieli, & So-
bel, 2003). In 'the present study, we investigated the
effects of olfactory stimulus intensity and presenta-

tion of a concurrent cue on activation of the OFC.
Method

Participants The participants were 6 graduate
and undergraduate students of Hiroshima Univer-
sity. All of the students had normal olfaction and
were right handed. Their average age was 23 years.

Materials We used r-undecalacton, which has a
matured peach-like smell, from a standardized olfac-
tory stimulus set (Daiichi Yakuhin Industrial, Tokyo,
Japan) to manipulate the intensity of the olfactory
stimulus. Near-infrared spectroscopy equipment
(ETG-100, Hitachi Medical, Tokyo, Japan) was used
to measure the amount of blood flow in the or-

Copyright 2005. The Japanese Psychonomic Society. All rights reserved.
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bitofrontal cortex.

Procedure The participants were instructed to
breathe naturally and keep their eyes closed. The
olfactory stimuli were presented 3 times for each of
the strong and weak conditions by bringing a filter
paper impregnated with y-undecalacton to within
approximately 2 cm of a subject’s nose. Each presen-
tation was for 15 seconds, and this was followed by
30 seconds of rest. In one condition a concurrent
verbal cue was presented. In the other condition the
verbal cue was not presented. The order of presenta-
tion of the olfactory stimulus intensity and the ver-
bal cue was counterbalanced between participants.
Seven measurement points (channels) on the fore-
head of a each participant were used to investigate
their OFC hemodynamics (oxy-Hb),, The position of
these channels, according to the international 10-20
method, covered the OFC region (see Figure 1). The
sampling rate was 0.5 seconds.

Results

We calculated the average oxy-Hb values from 3 to
10 seconds after the stimulus onset, and used these
values in our analysis. We then used a two-wa}}
ANOVA, with the stimulus intensity (strong, weak)
and the verbal cue (presented, not presented) , both
as within-subject factors. The results indicated sig-
nificant interactions in channel 1 (F(1, 5)=7.439, p<
0.05) and channel 5 (F(1, 5)=6.892, »<0.05).

Discussion

The results revealed that when the verbal cues
were not presented, activation of the OFC was linear
with the stimulus intensity. On the other hand, when
verbal cues were presented, activation of the OFC
was not observed. It is suggested that when verbal
cues were presented the participants may have used
this information, which was more salient than the
olfactory stimuli, and therefore activation of the OFC
was not observed. Consequently, the results indicate

0.03 —2—strong-cue

Channel 1

—a—weak-cue
002 ¢ —a— strong-nocue

0.01 —a—weak-nocue

-0.01 ‘
00
-0.03 |
0.04 |

£0.05 -

0.03
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0.02

201 |

-0.02
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-0.03

<0.04
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Figure 1. Oxy hemoglobin changes for stim-
ulus intensity (strong/weak) and cue avail-
ability (cue/nocue) in channel 1 (upper) and
5 (lower).

that activation of the OFC reflects processing of the
intensity of an olfactory stimulus.
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