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Normally, sonic hedgehog (Shh) signaling induces high levels of Patched 1 (Ptc1) and its associated transcrip-
tion factor Gli1 with genesis of specific neuronal progeny. But their roles in the neural stem cells (NSCs), includ-
ing glial precursor cells (GPCs), of Alzheimer’s disease (AD) are unclear. Here, we show that Ptc1 and Gli1 are
significantly deficits in the hippocampus of an aged AD transgenic mouse mode, whereas these two molecules
are highly elevated at young ages. Our similar findings in autopsied AD brains validate the discovery in AD
mouse models. To examine whether A peptides, which are a main component of the amyloid plaques in AD
brains, affected Ptc1-Gli1 signaling, we treated GPCs with A peptides, we found that high dose of AB_4> but
not AB4_40 significantly decreased Ptc1-Gli1, while Shh itself was elevated in hippocampal NSCs/GPCs.
Furthermore, we found that deficits of Ptc1-Gli1 signaling induced NSCs/GPCs into asymmetric division,
which results in an increase in the number of dividing cells including transit-amplifying cells and neuroblasts.
These precursor cells commit to apoptosis-like death under the toxic conditions. By this way, adult neural pre-
cursor cell pool is exhausted and defective neurogenesis happens in AD brains. Our findings suggest that Ptc1-
Gli1 signaling deregulation resulting abnormal loss of GPCs may contribute to a cognition decline in AD brains.
The novel findings elucidate a new molecular mechanism of adult NSCs/GPCs on neurogenesis and demon-
strate a regulatory role for Ptc1-Gli1 in adult neural circuit integrity of the brain.

INTRODUCTION

normal healthy brains (10), maintains the neurogenic niches

Sonic hedgehog (Shh) binds to two Patched (Ptc) proteins, Ptc
homolog | (Ptcl) and Ptc homolog 2 (Ptc2) with similar high-
affinity and inhibits Smo acitivities (1,2). Smo triggers a signal-
ing cascade (3) and regulates Gli zinc finger transcription factor,
Glil, Gli2 and Gi3, which have distinct and overlapping func-
tions in response to Shh signaling (4,5). Glil and Gli2 are then
translocated into the nucleus and activate gene transcription
and Gli3 acts as a repressor (6). The balance of Gli functions
influences expression of target genes (7).

Shh acts as a morphogen in embryonic neural development
(8,9). Once development has been completed, the expression
of Shh-mediated signaling molecules declines to low levels in

(11-13) and controls cell division of neural stem cells (NSCs)
or glial precursor cells (GPCs) (14,15). The up-regulation of
Shh signals is involved in brain stroke (16) and even multiple
sclerosis (17).

The impairment of learning and memory is one of character-
istics of Alzheimer’s disease (AD), which is associated with
the overproduction of amyloid 8 protein (AR) (18,19). There
are arguments on the exploration of neurogenesis in AD brains
(20-23). Hippocampal neurogenesis is closely associated with
learning and memory. To our knowledge, however, there is
still no investigation of Shh signaling and its relationship with
neurogenesis in AD brains.
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In the present study, we find an increased level of Shh signal-
ing in the hippocampi of APP23 mice and AD patients. Soluble
APB1_4o up-regulates Shh pathway of hippocampal progenitor
cells. The elevation of Shh signaling accelerates NSCs or
GPCs into division and differentiation, resulting in an increase
in the number of immediate GPCs in response to elevated Shh
level. Cyclopamine application inhibits an increase in cell prolif-
eration induced by Shh signals. Rapidly increased NSCs or GPCs
turn toward apoptosis-like death. Because of lacking potential of
self-renewal, NSC and GPC pool is accelerated to be depleted by
activated Shh signaling and finally results in an impaired neuro-
genesis, as well as astrogenesis in AD brains.

RESULTS

Levels of both AB;_40 and A, _4, are elevated
in the hippocampus of APP23 mice

Before we explore the effects of AR on GPCs, we used APP23
transgenic mice (24), a mouse model for AD with a plaque-
predominant type, overproducing AR, AB;_40 and AB;_4,. To
characterize and ensure A3 load in the hippocampus, immunos-
taining was performed with 6E10 antibody against AB;_7,
results showed, in the hippocampus, intracellular AB-positive
immunostaining without AR deposits at 3 months old, a few
plaque deposits at 12 months old and a dense amyloid deposits
in the molecular layer (Mol) at 24 months old APP23 mice
(Fig. 1A). There are two main segments of A peptides, AB;_40
and AB;_4,. Due to different effects of the different forms of
AR in AD brains (25), we measured by ELISA the soluble and
insoluble AP of the hippocampus formation at different age
stages. Similar to the previous report of AR measured in the neo-
cortex of APP23 mice (26), the amount of both soluble AR _40
and AP;_4, peptides in the hippocampus of APP23 mouse
brains was constantly and significantly elevated at all ages
when compared with age-matched WT mice (Fig. 1B). With
age, levels of both AR, _4, and AB;_49 were slightly increased
but not significantly different from 3 to 24 months old APP23
mice. The average levels of soluble AB;_4, were significant
higher than those of soluble AB;_4 at all ages of APP23 mice.
Within the hippocampus of WT, the average values of soluble
AB1_40 and AB;_4o, however, were much lower and similar at
all ages (Fig. 1B). Moreover, we measured insoluble A3, main
components as deposited plaques in AD and found that, in the
hippocampus of APP23 mice, the amount of insoluble AB;_49
was maintained at a basal level in the first 9 months of the life
spanin APP23 mice (Fig. 1C). A significant increase in insoluble
A1 _40 amount was observed until 12 months of age and then a
sharp elevation at 18 and 24 months of age (Fig. 1C). Similarly,
the levels of insoluble AB;_4, were also maintained at a basal
level in the hippocampus of APP23 mice until the age of 12
months and then increased but significantly lower than AR, _49
levels by 18 and 24 months of age (Fig. 1C).

Shh levels are elevated in the hippocampus of APP23 mice

Shh signaling maintains NSC/GPC pool in the hippocampus
(11,15). To test whether Shh protein levels in the hippocampus
were changed in APP23 transgenic mice and if so, whether
Shh expression was changed as aging. The hippocampi were
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dissected from WT and APP23 mice at ages of 3, 12 and 24
months old for Shh detection by western blot. We found three
bands of the molecular weights: ~50, ~100 and ~150 kDa in
APP23 mouse brains and aged WT brains (Fig. 1D). Evidence
has shown that ligand Shh is produced as an ~20kDa
N-terminal signaling domain (ShhN) and modified by adding
palmitoyl on N-terminal amino acids and cholesterol on carb-
oxyl end (27,28). The high molecular weight Shh may be free
diffusible and soluble multimeric forms of Shh with lipophilic
modification(s-ShhNp) (28,29). By qualification analysis, we
found that Shh expression levels at each molecular weight
were significantly elevated at all ages of APP23 mice, compared
with age-matched WT mice (Fig. 1E). Due to overdue accumu-
lation of A3 along with age in APP23 mice (24), the deregulation
of Shh levels is probably associated with the effects of AB.

Expressions of Ptc-Gli signaling components are deficits in
old AD transgenic mice where these signals are elevated at
young ages

Shh-receiving cells exist in the hippocampal formation (11,15).
It has been known that the application of Shh enhances the sig-
naling component expressions of Shh-responding cells (30,31).
Whether the elevated Shh level in the hippocampus of APP23
mice was accompanied with a corresponding up-regulation of
Shh signaling component molecules was not clear. There are two
Shh binding proteins, Patched homolog 1 (Ptcl) and 2 (Ptc2)
(1,32). Ptel is highly expressed in adult hippocampus (10,33)
as well as isolated NSCs/GPCs (11). To examine whether the
Ptcl expression level in APP23 mice was changed, immunos-
taining was first performed with antibody against Ptcl at
12 months old mice. Results showed an increased expression
in the granular cells of dentate gyrus, especially in the
cells of hilus region (Fig. 2A). To further confirm the results
from THC, the hippocampus was dissected from APP23 mice
and Ptcl expression was probed. Western blot showed that the
expression levels of Ptc1 had not been significantly elevated at
3 months old yet (Fig. 2B and C), but greatly increased in the
hippocampus at 12 months old APP23 mice (Fig. 2D and E). Un-
expectedly, the Ptcl levels were reduced in the hippocampus of
24-month-old APP23 mice (Fig. 2F and G). Ptc2 has similar and
overlapping functions of Ptcl (1). Similar to Ptcl expression
pattern, we found that levels of Ptc2 were elevated at
12-month-old and reduced at 24-month-old APP23 mice
(Fig. 2B—G). Smo membrane proteins, which is inhibited by
Ptc (34), are expressed in the normal hippocampus (10,33).
We tested Smo levels and found that Smo levels were significant-
ly elevated at 3, 12 and 24 months old APP23 mice compared
with corresponding WT controls (Fig. 2B—G). Gli proteins are
three types of zinc finger transcription factors, Glil, Gli2 and
Gli3, which have distinct and overlapping functions (5). Glil is
a canonical transcription factor as a read-out in response to Shh
signals (32), which activates transcription and practice Shh signal-
ing role in hippocampal NSCs (15). We measured Glil expression
in the hippocampus and found a significant increase in 12- and
24-month-old APP23 mice (Fig. 2D—G), still without a signifi-
cant increase at 3-month-old-APP23 mice (Fig. 2B and C).
Gli2, an activator like as Glil, is involved in initial Shh response
(35,36). Similar to the Gli2 expression pattern, we found that
expression levels of Gli2 were also greatly elevated in
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Figure 1. AR is overexpressed and Shh levels are elevated in the hippocampus of APP23 mice. (A) Immunostaning of antibody clone 6E10 showed AB-positive re-
action in the hippocampus of 3-, 12- and 24 months old APP23 mice. Intracellular AB-positive reaction in 3 months old, a few of AP deposit plaques in the subiculum of
12-month-old, lots of AR plaques, especially dense deposits in molecular layer in hippocampus were visualized in 24 months old APP23 mice. Scale bar: 50 wm. (B)
Thelevels of soluble AR _4p and AR _49levels were tested in the hippocampi of different age group of WT and APP23 mice (n = 5 in each group, Student #-test, **P <
0.01 of soluble AR 4, and AP _49 versus corresponding that of WT, respectively; #p < 0.01 of soluble AP _4o versus soluble AR _40amount in APP23 mice). (C)
The levels of insoluble AR _4, and AB;_4o were measured in the hippocampi of different age groups of WT and APP23 mice (n = 5 in each group, Student #-test,
**P < 0.01 of insoluble AB;_4» and AB;_4o versus corresponding that of WT, respectively; **P < 0.01 of insoluble AB;_4, versus insoluble AB;_4q levels in
APP23 mice). (D) Representative micrographs showed Shh expression in the hippocampi of WT and APP23 mice. (E). A significant increase in the expression of
ligand Shh with different molecular weights was observed in the hippocampus at 3, 12 and 24 months old APP23 mice (» = 10 in each group, Student’s #-test,
**P < 0.01 versus WT).
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Figure 2. Shh signal components are altered in the hippocampus of both APP23 mice and AD patients. (A) Ptcl expression (green) was visualized by immunostaining
in the dentate gyrus with an increased Ptc1 expression in 12-month-old APP23 mice, especially in the cells of hilus region. Neurons were stained with red. Scale bar:
50 pm. (B) Western blot showed the protein expressions of Shh signaling components in the hippocampus of 3-month-old APP23 mice. (C) Statistical analysis showed
that the Smo expression level is increased (n = 10, Student’s #-test, ** P < 0.01) in APP23 mice of 3 months old of age, whereas the levels of Ptc1, Ptc2, Glil, Gli2 and
Gli3 expressions were still not significantly changed. (D) Western blot showed the protein expressions of Shh signaling components in the hippocampus of
12-month-old APP23 mice. (E) Statistical analysis showed that the expression levels of Ptc1, Ptc2, Smo and Glil were increased (n = 10, Student’s #-test, *P <
0.05, **P < 0.01 versus corresponding WT) in APP23 mice of 12 months old of age, whereas the levels of Gli2 and Gli3 expressions were not significantly
changed. (F) Western blot showed the protein expressions of Shh signaling components in the hippocampus of 24-month-old APP23 mice. (G) Statistical analysis
showed that the expression levels of Smo, Glil and Gli2 are increased (n = 10, Student’s #-test, *P < 0.01 versus corresponding WT) in APP23 mice of 24
months old of age, whereas the levels of Ptc1, Ptc2 and Gli3 expressions were significantly reduced (» = 10, Student’s #-test, *P < 0.05, **P < 0.01 versus corre-
sponding WT). (H) Western blot showed that Shh signaling components were expressed in the hippocampus of isolated from human brains of HC and AD patients.
(I) The protein levels of Shh, Smo, Glil and Gli2 expression were significantly increased, whereas the expression levels of Ptcl, Ptc2 and Gli3 were significantly
reduced in comparison with corresponding health controls without dementia (» = 5, Student’s #-test, *P < 0.05, **P < 0.01 versus HC).
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Figure 2.

24-month-old APP23 mice (Fig. 2F and G), but not be signifi-
cantly increased at 3 and 12 months of age (Fig. 2B—E). Gli3,
a predominant negative regulator for Shh signaling transcrip-
tion, is upregulated in the absence of Shh signals (32). Gli3
was probed by western blot and results showed a significant de-
crease in expression levels in 24-month-old APP23 mice
(Fig. 2F—G@), but not significant changes at 3 and 12 months of
age, compared with corresponding age-matched WT mice
(Fig. 2B-E). Even if a decrease in Ptc levels is observed, the ex-
pression levels of Glil and Gli2 are still elevated. It indicates that
the Shh signaling still play a role in the hippocampus of aged
APP23 mice. These results show that, responsive to increased
Shh levels, Shh-receiving cells in hippocampus at younger and
aged stage have different responses in APP23 mice. The differ-
ence could stem from the changes of cell components in hippo-
campus at different age stage.

Ptc-Gli signaling in human AD brains validates the findings
from the transgenic mouse model

To examine whether the elevation of Shh signaling in the hippo-
campus of APP23 mice reflects the real pathological situation in
AD brains, we harvested the hippocampal tissues from both AD
(n = 5) and healthy control (HC) samples (n = 5) to examine the
expression of Shh signaling. Western blotting study showed an
apparent and significant increase in Shh expression levels in the
AD hippocampus compared with the HC (Fig. 2H and I). Interest-
ingly, different from mice with Shh molecular weights of ~50,
~100 and ~150 kDa, only one obvious band with ~50 kDa
was observed in the hippocampus of human beings (Fig. 2H).
Similarly, we found that the expression levels of Ptc1l and Ptc2
were reduced in AD (Fig. 2H and I), counterpart to the observa-
tion in 24-month-old APP23 mice. Next, we tested the expression
of Smo and found significantly increased levels of Smo expres-
sion in the hippocampus of AD (Fig. 2H and I), also similar to
the findings in 24 months old APP23 mice. Furthermore, we
tested the transcription factor proteins Glil, 2 and 3 and found
that both Glil and Gli2 protein levels were significantly elevated,
whereas Gli3 repressor levels were significantly decreased in
AD brains (Fig. 2H and I). The results indicate that the alteration
of Shh signaling in AD brains may be a counterpart of aged
(24-month-old) APP23 mice, reflecting an activated Shh
signaling in the hippocampus of AD brains.
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AB_4; decreases Ptc-Glil while it elevates Shh signaling in
cultured GPCs

NSCs or GPCs isolated from mouse SVZ secrete Shh proteins in
an autocrine fashion (37) and hippocampal GPCs express Shh
mRNA (31). However, whether Shh proteins could be tested
from isolated hippocampal GPCs was still not clear. To clarify
Shh secretion from the hippocampal GPCs, we isolated GPCs
from neonatal WT mice and cultured for 2 weeks. The spheres
were dissociated and cultured for another 2 weeks. The condi-
tioned media were collected and the secreted proteins were ana-
lyzed. Western blot showed that Shh molecules exist in the
cultured media of hippocampal GPCs (Fig. 3A), suggesting a
release of Shh from the cultured GPCs. Expectedly, Shh expres-
sion was found in the cell lysate of GPCs (Fig. 3A). It suggests
that the hippocampal GPCs could produce Shh protein in an
autocrine manner (31). It has been shown that A3, _4, peptide
application increases new neuron production (38,39). To exam
whether the enhanced differentiation by AR;_4, peptides
would be associated with Shh signaling, the GPCs were treated
with AB_y4, for 72 h. The conditioned medium and the cultured
cells were harvested. Using western blot techniques, we found
that the levels of Shh expression were elevated in the cultured
medium with AB;_4, treatment (Fig. 3A) and in a dose-
dependent manner (Fig. 3B). Similar findings of Shh expression
were observed in the GPC lysate and Shh levels were expectedly
elevated with A3;_4, incubation in dose-dependent manner. A
little surprise, the different molecular weights between 37 and
150 kDa were observed (Fig. 3A), similar to the findings in the
hippocampi of mice (Fig. 1D), suggesting the presence of Shh
multimer molecule in isolated hippocampal GPCs. A fraction
of GPCs is responsive to Shh signal (11,15). A previous report
showed detectable mRNA levels of Shh signaling components
in isolated hippocampal GPCs (31). Next, we examined the
expressions of Shh pathway components. We found apparent
increases in Ptcl, Ptc2, Smo, Glil and Gli2 expression levels
but without significant changes of Gli3 levels in the presence
of AB; 4, (Fig. 3C and D). However, the elevation of Ptcl ex-
pression is blocked by A3, 45 application at the high concentra-
tion (100 w™m) even if Shh levels are still elevated at this dose of
AB;_42 (Fig. 3C and D). The result that the high dose of AB; _42
exposure reduces the molecule levels of Ptc1 expression is con-
sistent with the change in the hippocampal formation at 24
months old APP23 mice (Fig. 2F and G) and in AD patient
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Figure 3. AB; 4, not AB; 4 increases the expressions of Shh signaling in hippocampal GPCs derived from WT mice. The suspended cells were incubated with the
presence 0of0,0.1, 1, 10 or 100 pm of AB; 45 or AR _4¢ for 3 days. (A) Shh expression with different molecular weights was shown by western blot from the cultured
medium and the cells treated with AB; _4,. (B) Shh levels were significantly increased in the conditioned medium (normalized to corresponding cell lysate) and cul-
tured cells in a dose-dependent manner with AR _4, treatment (ANOV A test, *P < 0.05, **P < 0.01). (C) The expression of Shh signaling components was shown in
the cells with AR _4; treatment. (D) The levels of Ptc1, Ptc2, Smo, Glil and Gli2 were significant elevated (ANOVA test, *P < 0.05, **P < 0.01) but not significant
changes of Gli3 levels with the exposure of AB;_4, (ANOVA test, P > 0.05). (E) Shh expression was shown from the conditioned medium and GPCs treated with
AR _40- (F) Shh levels were not significantly increased in the conditioned medium (normalized to corresponding cell lysate) and the cultured GPCs with the AB; _4
treatment (ANOVA test, P > 0.05). (G) The expression of Shh signaling component molecules was shown in the GPC lysate withthe AR 4o treatment. (H) The levels
of the components were not significantly changed with the AB; 4 treatment. (I) Western blot showed Ptcl expression with the exogenous Shh application. (J) A
statistical analysis showed a significant promotion of Ptcl expression levels in WT hippocampus progenitor cells for 3 days of Shh incubation (ANOVA test,
**P < 0.01). Experiments were repeated three times per condition.
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brains (Fig. 2H and I). It may be an effect of A itself or other
factors induced by excessive AR in the dysregulation.

It has also been reported that AR, _4o peptide enhances GPC
proliferation in vitro (39,40). To test whether the increased pro-
liferation is through Shh signaling, we treated the hippocampal
GPCs with different doses of AP _4¢ for 72 h. Results showed
that there were not significant changes of Shh expression
levels in the conditioned medium with various doses of AB;_40
incubation (Fig. 3E and F). Similarly, little changes of Shh
levels were observed in the GPC lysate treated with AB;_40.
By using the same approach, we tested the downstream mole-
cules of Shh signaling and found no significant changes in
protein levels in the GPCs exposed to AR _40 (Fig. 3G and H).
The results suggest that A3 _49-induced proliferation may not
be associated with Shh signaling. It has been reported that Shh
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promotes Ptcl expression levels (3,30,31). To further clarify
that the increased expression of Shh pathway components is
caused by AB;_4 itself or by AP;_sp-triggered Shh, we
treated the GPCs with Shh molecule for 72 h and found an
increased level of Ptcl expression (Fig. 31 and J), suggesting
that AB-induced Shh level elevation is associated with the
level increase of Shh signaling components instead of A itself.

Cell proliferation is altered and Shh signaling blockage
prevents an increase in the number of dividing cells in APP23
mice

Ithas been suggested an increased proliferation in the hippocam-
pus of APP23 mice (20,40). To further clarify the possible
change in cell proliferation happened in APP23 and WT mice
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Figure 4. Cell proliferation changes and Smo antagonist cyclopamine prevents Shh-induced cell dividing in APP23 mice. (A) Microphotographs showed BrdU-
positive staining nuclei in the hippocampus of WT and APP23 mice at 3 months old. The dentate gyrus was counterstained with hemotaxylin. Scale bar: 50 wm.
(B) At 3 months old of APP23 mice, the number of BrdU-positive cells in SGZ was significantly increased (n = 6 each group, Student’s #-test, **P < 0.01)
whereas there were not significant changes in the regions of Hilus, Mol and GCL, compared with age-matched WT controls. (C) With the application of cyclopamine
for 7 days, the number of BrdU™ cells were significantly decreased in WT (n = 5 each group, Student’s #-test, *P < 0.05) and APP23 (n = 5 each group, Student’s
t-test,**P < 0.01) mice of 3 months old, compared with corresponding controls. (D) At 12 months old of APP23 mice, the number of BrdU-positive cells in SGZ was
counted and the total number per hippocampus was summed and shown as mean + SEM per mice. BrdU-positive cells were significantly increased (» = 6 each group,
Student’s t-test, *P << 0.05) whereas there were not significant changes in the regions of Hilus, Mol and GCL. (E) At 24 months old of APP23 mice, however, the
number of BrdU-positive cells in SGZ was significantly decreased (n = 6 each group, Student’s #-test, **P < 0.01) whereas there was not significant changes in

Hilus, Mol and GCL.
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at 3, 12 and 24 months old, they were injected with BrdU twice a
day. The brain sections were analyzed within 24 h. BrdU-
positive cells were visualized by immunostaining and the posi-
tive nuclei were primarily showed in SGZ (Fig. 4A). We found
a significant increase of more than 2-folds in the number of
BrdU-positive cells in SGZ of 3-month-old APP23 mice com-
pared with corresponding WT (P < 0.01, Fig. 4B), but no sig-
nificant differences in the hilus, granular cell layer (GCL) and
Mol (P > 0.05). To analyze whether or not the increase of divid-
ing cells at 3-month-old APP23 mice is mediated by activation of
Shh signaling, we applied cyclopamine, a Smo inhibitor, which
has been shown to block activation of Shh signal transduction
pathway (34) and inhibit the proliferation of hippocampal divid-
ing cells (11). WT and APP23 mice at age of 3 months old were
injected with cyclopamine or vehicle alone as reported (11,34,41).
One-week injection was followed by twice a day of BrdU injec-
tion. After 24 h last BrdU application, immunohistochemistry
was performed with antibody against BrdU. The number of
immunopositive nuclei was counted in SGZ. We found that
about 40% of BrdU-positive cells were reduced along with
cyclopamine application in the WT group (P < 0.05, Fig. 4C).
However, ~65% of BrdU™ cells were prevented with cyclopa-
mine application, compared with APP23 mice in the vehicle
group (P < 0.01, Fig. 4C). Meanwhile, we also observed the pro-
liferation in 12 and 24 months old mice and found an ~30% in-
crease in the number of BrdU™ cells in SGZ at 12-month-old
APP23 mice (P < 0.05, Fig. 4D). At the age of 24 months old,
however, a significant decrease in BrdU-positive cell number
was found in the SGZ (P < 0.01, Fig. 4E). The number of
BrdU™ cells in the hilus, GCL and Mol did not have significant
changes between WT and APP23 mice at this age (Fig. 4E).
These results indicate that the elevation of Shh signaling levels
contributes to the altered proliferation in the hippocampus of
APP transgenic mice.

Survival of NSCs decreases and apoptotic cell number
increases in APP23 mice

It is unknown whether the enhanced cell proliferation at
3-month-old APP23 mice could be in part associated with sur-
vival of dividing cells. The staining sections were analyzed 4
weeks after last BrdU injection to determine the survival of the
newly dividing cells. We found that the number of BrdU-positive
cells was reduced within 4 weeks. Within 24 h last BrdU injec-
tion, the number of BrdU™ cells was 2146 + 192 in WT and
4214 + 310 in APP23 mice. Four-week later, remaining BrdU™
cells were 677 + 32 in WT and 450 4+ 41 in APP23mice. About
32% in WT and ~11% of BrdU™ cells in the hippocampus of
APP23 mice survived 4 weeks, respectively (P < 0.01,

Fig. 5A), indicating that about 70 and 90% newly generated
cells disappear in 4 weeks in WT and APP23 mice. A part of sur-
viving dividing cells could migrate toward and integrate into
GCL. A few cells are still observed in SGZ. To understand the
migration and integration of remaining cells, we calculated the
remaining BrdU™" cells in the SGZ and GCL 4 weeks later.
Results showed a significantly decreased number of BrdU™
cells in the SGZ of APP23 mice versus WT (P < 0.01,
Fig. 5B). Similarly, the number of BrdU™ cells into GCL was
also reduced in 3 months old APP23 mice (P < 0.05, Fig. 5B),
suggesting that the loss of proliferating cells are accelerated in
APP23 mice. Whether the great decrease in remaining BrdU-
positive cells is a result of cell death remains to be verified.
We performed transferase-mediated biotinylated UTP nick
end labeling (TUNEL) staining for apoptotic cells in 3-month-
old mice. Immunostaining revealed apoptosis-like nuclei in
DG (Fig. 5C). Staining positive nuclei were counted and
results showed a significant increase in the number of apoptosis-
like nuclei in APP23 mice (P < 0.01, Fig. 5D).

Numbers of GPCs were decreased and astrocytes were
increased in APP23 mice

Hippocampal GPCs, a population of GPCs resided in the SGZ of
hippocampus, have astroglia-like characteristics expressing
GFAP, vimentin, nestin and produce new neurons. The cells,
which lack S100B and DCX expression (42,43), extend small
trees of dendritic-like processes perpendicular to the GCL into
the inner molecular layer (44). A fraction of hippocampal
GPCs expressing nestin respond to mitogen Shh (15). Whether
the elevated Shh levels in the hippocampus could increase
nestin-positive cells remains to be investigated. To observe the
group of nestin” GPCs, GFAP, another marker for radial glial-
like GPCs (43), was immunolabeled together (Fig. SE). We
found a great reduction in GFAP"/nestin™ co-labeling NPCs
inthe DG of 3-month-old APP23 mice in comparison of WT con-
trols (P < 0.01, Fig. 5F). As quiescent GPCs turn toward differ-
entiation, GFAP expression is extinguished and cells adopt a
migratory-like morphology. These cells represent a transient
amplifying population of GPCs, referred to as fast-dividing
transit-amplifying cells (43,44). We found the nestin-positive
and GFAP-negative immunostaining cells with a short process
localized in SGZ and hilus (Fig. 5E) and a significant decrease
in the number of transit-amplifying cells (P < 0.01, Fig. 5F).
Mature astrocytes, which are nestin-negative and GFAP-
positive immunolabeling cells, were observed in hilus of DG
(Fig. 5F). We found that the number of mature astrocytes
(nestin” GFAP™) was significantly increased in 3 months old
APP23 mice (P < 0.01, Fig. 5F). To confirm the astrocytes

micrographs of TUNEL staining showed TUNEL-positive nuclei (green) in the DG of WT and APP23 mice at age of 3 months old. Neurons were showed in red color
with NeuN antibody. Arrowheads are for TUNEL-positive nuclei. Scale bar: 50 wm. (D) TUNEL-positive nuclei were counted and the average number per section was
shown as mean + SEM. Quantification of immunoreactive structures revealed a significant increase in the number of apoptotic nuclei in 3-month-old APP23 mice
compared with age-matched WT (n = 6 in each group, Student’s #-test, **P < 0.01). (E) GPC number declines and astrocyte number increases in the hippocampus of
APP23 mice. Double labeling showed nestin-positive cells (green) and GFAP-positive cells (red). Closed white arrowhead was for GPCs (co-labeling of both GFAP
and nestin); yellow arrowhead for transit-amplifying cells (nestin-positive and GFAP-negative), and white arrows for mature astrocytes (nestin-negative and GFAP-
positive). Scale bar: 20 wm. (F) Nestint"GFAP™ expressing cells (NSCs), nestin"GFAP ™~ cells (transit-amplifying cell) and GFAP™/nestin ™ cells (mature astrocyte)
were counted and the average number per section was shown as mean + SEM. Statistical analysis was significant difference (n = 6 in each group, Student’s #-test,
*P < (.01 versus WT). (G) Double labeling showed BrdU™ cells (green) and GFAP™ cells (red) in the hilus of 12 months old WT and APP23 mice. Scale bar: 20 pm.



come from dividing GPCs, the double staining with antibodies
against BrdU and GFAP are performed at 12 months old WT
and APP23 mice. Results showed a few of double-labeling
cells in the hilus (Fig. 5G), suggesting the increased number of
astrocytes might be, at least in part, from dividing GPCs. In add-
ition, the increased astrocyte number might be in part from the
activation of dominant astrocytes in responsive to elevated
Shh signaling (45) or inflammation by AB. However, we
cannot perform statistical analysis between WT and APP23
mice due to few cells of co-labeling BrdU and GAFP.

Defective neurogensis in APP23 mice

After exiting the cell cycle, most of the nascent cells die, and the
surviving cells then differentiate into neurons and glia. It has
been shown that a fraction of psa-NCAM-positive cells (neuro-
blast) are Shh-responding cells (15). Whether the neuronal
commitment of the dividing progenitor cells could be increased
in response to the intensified Shh signaling is not clear.
Doublecortin (DCX) is another marker for neuroblasts (46,47).
Immunostaining was performed and results showed a significant
increase in number of DCX ™ cells at 3-month-old, whereas a sig-
nificant decrease in the number at 12- and 24-month-old APP23
mice compared with age-matched WT (Fig. 6A and B). Whether
the increased neuroblasts at 3-month-old APP23 mice are asso-
ciated with dividing BrdU™ cells is not clear. Double staining of
psa-NCAM and BrdU was applied. We found co-labeling cells
of psa-NCAM and BrdU (Fig. 6C). Double labeling cells were
counted and results showed that the average percentage of
co-labeling cells to psa-NCAM-positive cells is 31.5 + 7.2
and 12.8 + 3.7 per section in APP23 and WT mice at age of
3 months old, respectively (Fig. 6D). Statistical analysis
showed a significant increase in the psa-NCAM™/BrdU™ cells
in 3 months old APP23 mice (P < 0.01, Fig. 6E), suggesting
that the increase in the number of dividing cells in part is from
the differentiating neuroblasts. Due to too few double-labeling
cells, we did not perform statistical analysis. To observe the
fate of the increased neuroblasts at 3-month-old APP23 mice,
the mice were detected with double-labeling of BrdU and
NeuN (mature neuron marker) after 4 weeks of BrdU applica-
tion. The NeuN-positive nuclei with BrdU labeling were
showed (Fig. 6E). Double labeling cells were counted and
results showed that the average co-labeling cell number is
11.5 + 1.9and 5.2 4+ 0.7 per section in WT and APP23mice, re-
spectively. Statistical analysis showed a significant decrease in
the co-labeling BrdU"NeuN™ cells in 3 months old APP23
mice (P < 0.01), suggesting a decrease in the number of neuro-
blasts to mature neurons due to apoptosis-like cell death
(Fig. 6C—F).

DISCUSSION
Shh-producing cells

In our current study, it is the first to discover that Shh signaling is
greatly elevated in the hippocampal extracts of AD patients and
APP23 mice (Fig. 1). As for the origin of Shh protein in hippo-
campus, it has been suggested that Shh-producing cells in the
basal forebrains anterogradely transport Shh to the hippocampus
via the axonal projection (10,11,33). Although failure to try
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immunolabeling Shh-expressing cells in vivo, we demonstrate
Shh-expressing cells in cultured hippocampal progenitors, con-
sistent with the reports of Shh mRNA expression in isolated hip-
pocampal NSCs (31). Furthermore, we find that AB;_4, not
AB1_40 up-regulates the Shh expression of the GPCs (Fig. 3).
Due to the differences of cultured GPCs from that in vivo, Shh
production from GPCs still need to be analyzed. Meanwhile,
addition of APB;_4, in our study can elevate Shh signal.
Whether other forms of AP peptides or inflammation factors
play a similar role in the GPCs can regulate the shh-producing
neurons in the forebrains also needs to be clarified. It is also
reported that reactive astrocytes by freezing injuries in cortex
secret Shh by the stimulation of pro-inflammatory cytokines
(45). However, due to possible astrocyte diversity in response
to Shhsignaling (48), whether reactive astrocytes in hippocam-
pus of AD-brains produce Shh signals still remains unclear. Shh
levels can also be up-regulated in other pathological condi-
tions, such as the brain stroke (16) and multiple sclerosis
(17). It suggests that in addition to AP, other factors caused
by injuries or disorders also contribute to Shh signaling
up-regulation.

Shh-receiving cells

A fraction of NSCs and their immediate GPCs respond to Shh ac-
tivity (11,15). Our results demonstrate that Shh signaling mole-
cules, the Shh-Ptc-Smo-Gli axis, are universally up-regulated in
the hippocampus of AD-like APP23 mice (Figs 2 and 7). And we
find that isolated hippocampal NSCs express and up-regulate
Shh pathway components in the presence of Shh signal
(Fig. 7), which is consistent with a previous report (11,31).
Here we demonstrated that, in addition to Shh signals by antero-
grade (10,33) or possible paracrine by activated astrocytes (45),
Shh also plays a role in hippocampal GPCs in an autocrine
fashion. In response to elevated amount of Shh, the expression
levels of Shh signaling components change with along age dif-
ferences, in which Ptc levels are greatly decreased even if Shh
levels are elevated in the hippocampi of 24-month-old APP23
mice and AD brains (Fig. 2), controversial to Ptc level increase
at a younger (3 and 12 months of age) stage. Shh and Ptc seem
to change earlier (it increases most at 12 months old; Figs 1D
and 2D) than that of insoluble AR at 24 months old (Fig. 1C).
The reason of differences is possible relationship with a ratio
change of cell types and/or cell reactive ability to Shh signaling,
such as more GPCs at young stages and more reactive astrocytes
or activated microglia at aged stages, etc, which may not be able
to degrade or clear insoluble AB. Even so, lines of evidence have
shown that Ptcl may inhibit Smo in a non-stoichiometric, cata-
lytic manner (16), e.g. the inhibition of Smo is less dependent
on the dose of Ptcl protein (49). Ptc expression levels decrease
in the hippocampi of 24-month-old APP23 mice and AD patients
may disclose a constitutive disinhibition of Smo by Ptc. In this
case, Smo is no longer regulated by Ptc and can act as a constitu-
tively activated receptor to propagate downstream signaling, in-
cluding activation of Gli transcription gene expression (Fig. 7).
All of these suggest an enhancing Shh signaling in aged AD
brains. Recently, it has been reported that NSCs or GPCs isolated
from the Down syndrome mouse model (Ts65Dn) highly express
Ptc1 proteins, which impair cell proliferation in the absence of
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Figure 6. Neurogensis alters in the hippocampus of APP23 mice. (A) Representative micrographs showed DCX-expressing cells in the hippocampi of 3, 12 and 24
months old WT and APP23 mice. Scale bar: 50 wm. (B) The number of DCX ™ cells was counted and the average number per section was shown at 3, 12 and 24 months
old of WT and APP23 mice. The statistical differences were significant (» = 6 in each group, Student’s #-test, **P < 0.01 versus WT). (C) Double labeling showed
cells with BrdU™ (green) and psa-NCAM™ (red) in DG of 3 months of old WT and APP23 mice. Scale bar: 20 wm. (D) Immunostaining structures were accounted and
the average number per section was shown as mean + SEM. The ratio (%) of double-labeling cells with BrdU and psa-NCAM versus psa-NCAM expressing cells was
significantly increased in 3-month-old APP23 mice (n = 6 in each group, Student’s -test, *P < 0.01 versus WT). (E) Double labeling showed cells with BrdU*
(green) and NeuN™ (red) in DG of 3 months old WT and APP23 mice after 4-weeks of BrdU application. Scale bar: 20 um. (F) Co-labeling cells were accounted
and the average number per section was shown as mean + SEM. A differentiation to neurons with double-labeling of BrdU and NeuN was significantly decreased
in 3-month-old APP23 mice after 4 weeks of BrdU injection (n = 6 in each group, Student’s #-test, *P < 0.05 versus WT).

Shh molecules (50). It indicates Shh signaling changes under
brain pathophysiological conditions.

Cell proliferation and survival

Innormal adult brains, responding to mitogens, such as Shh, NSCs
exit G, state of cell cycle in a gradual manner and enter cell
division (15,51). These dividing cells include a group of GFAP-
expressing NSCs, fast-dividing transit-amplifying cells and
psa-NCAM-expressing neuroblasts (immature neuronal precur-
sors) (15). These cells can incorporate exogenous BrdU substrate.
ByBrdU labeling, we find an increased number of dividing cells in
the hippocampus of APP23 transgenic mice at 3 and 12 months of
age (Figs 4 and 5). Combining with the data of elevated Shh

signaling in AD brains and Shh signaling inhibition by cyclopa-
mine (Figs 2 and 3) (11), it indicates that Shh signaling may be
associated with the regulation of GPCs proliferation above basal
levels in APP23 brains at young stage. It seems to be consistent
with a report that APP23 mice have more neurons until they
develop amyloid plaques (52). Therefore, the increase in the
number of dividing cells found at young stage of APP23 brains
may present an acceleration of cell division of the resided GPCs
inresponse to the elevation of Shh signaling (Fig. 7). A large popu-
lation of post-mitotic cells commit to death (53) and a small group
of differentiation cells can survive and replace dead neurons
(Fig. 5). In AD brains, the existence of constant and high-level
AR especially toxic soluble AR accelerates dividing cells to
death (23,54). Our observation of increased apoptosis-like in
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Figure 7. The schematic presentation shows Shh-Ptc1-Glil signaling pathway in normal (Left) condition and disease (right) conditions. In general, Shh binds Ptc,
which activates and promotes the effecter Glil. Glil enters the nucleus and binds to Ptc promoter and proliferative genes. Excessive Af in AD brains promotes
and activates GSK-33, which inhibits Glil and, in turn, decreased the transcription of Ptc and proliferative genes.

DG of APP23 mice may also reflect more diving cells to death at
aged APP23 mice (52). In addition, due to fast dividing of
Shh-responding GPCs, it raises a possibility that the dilution of
BrdU levels is beyond detection so that the decrease in the
number of dividing cells is observed within 4 weeks (e.g. 90%
of dividing cells disappear) in 3-month-old APP23 mice.

We notice a report that there is a discrepancy in cell prolifer-
ation in the hippocampus at age 5 and 25 months old of APP23
mice, respectively (20). The findings are different from our
observation here with an increase or decrease in the dividing
cell number at ages of 3 or 24 months old. It may suggest a dif-
ferent observation method. In that report, they applied BrdU
for 7 days and immunostaining was performed 3 weeks after
the last injection. It is similar with our observation of BrdU stain-
ing 4 weeks after the last BrdU application. It indicates a survival
change in addition to proliferation.

Defective neurogenesis and increased gliogenesis

Hippocampal NSCs/GPCs are quiescent and can maintain in the
state for lifetime (55,56). In normal adult brains, quiescent
NSCs/GPCs are gradually released to exit cell cycle G, and
enter the rounds of division at basic level of Shh signal stimulation
(15). Different from the continuous self-renewal of hemapoietic
GPCs (57), a recent report shows that adult hippocampal GPCs
lose the capacity to self-renew and the cell number decreases in
an age-dependent manner (Fig. 5) (51). Here, we find a great de-
crease in the number of radial glial-like stem cells in the hippo-
campus of 3-month-old APP23 mice (Figs 5 and 6). The GPC
loss indicates that more quiescent GPCs enter dividing cycle
and lose their characteristics of GPCs due to high levels of Shh sig-
naling stimulation in AD brains. Still, we cannot exclude the pos-
sibility of AP toxicity to impair hippocampal quiescent GPCs. It
has also been shown that, upon exiting quiescent state, adult hip-
pocampal stem cells rapidly undergo a series of asymmetric divi-
sions to produce dividing progeny destined to become neurons
(51). If it is true in this case, increasing number of stem cells
exiting quiescent state may be the reason of an increase in the
number of fast-dividing transit-amplifying cells (GFAP-negative

and nestin-positive cells) and neuroblasts (DCX- and psa-NCAM-
positive cells) we observed here in the hippocampus of 3 months
old APP23 mice (Fig. 6). In addition, transit-amplifying cells and
neuroblasts self-responding to Shh (15) may also contribute to the
dividing cell number observed here in 3-month-old APP23 brains.
Meanwhile, the stem cells exiting quiescent state subsequently
convert into mature astrocytes by division-coupled astrocytic dif-
ferentiation (51). By this way, an elevated Shh signaling in AD
brains contributes to an increase in the cell number of astrocytes
originated from NSCs, a trend to gliogenesis. Unlike new
neurons which are subject to death in response to a detrimental
environment, newly generated astrocytes by asymmetric division
survive brain disorders (23,54). Inaddition, italso is possible thata
fraction of dormant astrocytes responding to elevated Shh levels
(45,48,57) or AB (57) are activated and added the glial cell
number in APP23 brains, i.e. a reactive astrogliosis.

In normal adult brains, NSCs store in hippocampus. Once
injuries happen, mitogen signaling such as Shh is elevated
(Fig. 7) (16). NSCs are inspired to divide and differentiation
for potentially replacing dead cells. After the acute injuries
stop, mitogen signaling is back to a basic level (45). However,
in AD brains and other chronic brain disorders such as multiple
sclerosis, Shh signaling maintains at high level (17). Because
adult quiescent hippocampal NSCs lack self-renewal potential
(51), high level of Shh signaling induced by pathogens such as
soluble AB;_4; etc. accelerates loss of NSCs. In addition, exces-
sive A3 accumulation in AD brains is toxic to neural stem/pro-
genitor cells (23,54). In conclusion, our studies provide the
first evidence that a deregulation of Shh signaling in AD hippo-
campus, which induces the exit of NSCs toward proliferation and
differentiation. By this way, hippocampal NSCs are lost and new
neuron production decreases.

MATERIALS AND METHODS
Animals

All mice of APP23 transgenic (20 males and 20 females in each
age group) and non-transgenic wild-type (20 males and 20
females in each age group) genotypes in our experiment are on
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the C57BL/6 background. APP23 transgenic mice were pro-
vided by Novartis Institute for Biomedical Research and the
mice express mutated human BAPP (Swedish double muta-
tion, KM670/671NL) under brain and neuron-specific murine
Thy-1 promoter element. APP23 transgenic mice develop
senile plaques in the cerebral cortex and hippocampus, along
with neuronal loss that is most evident in the hippocampal CA1
region at 12— 18 months of age (32). APP23 and non-transgenic
wild-type mice were crossed and the progenies were genotyped
and characterized as APP23 with PCR followed by western blot
for brain APP protein.

Human hippocampal tissues

The hippocampal formation of human brains was harvested from
rapidly autopsied geriatric patients (n =5 HC, n=15 AD)
enrolled in the Brain Donation Program at Banner Sun Health
Research Institute. The average postmortem interval was
<3 h. The neuropathological characteristics were demonstrated
(Table 1). The average ages of the HC and AD subjects were
82 + 15 and 78 + 7 years old, respectively.

5-Bromo-2-deoxyuridine (BrdU) incorporation

Mice were kept in a normal 12 h light 12 h dark cycle.
5-Bromo-2-deoxyuridine (BrdU) (B5002, Sigma) was prepared
in a sterile stock solution of 10 mg/ml dissolved in 0.9% (w/v)
NaCl solution. BrdU of 50 mg/kg body weight was intraperito-
neally injected twice a day, interval of 4 h, at 3, 12 and 24
months old WT and APP23 mice (n = 6 each group). For prolif-
erating analysis, after 24 h of last injection the mice were per-
fused and brain tissues were collected. For survival and
differentiation observation, 3-month-old WT and APP23 mice
(n = 6, respectively) were sacrificed and the brain tissues were
harvested 4 weeks after last injection.

Cyclopamine injection

Cyclopamine specifically blocks Shh signaling by binding to Shh
receptor complex Smo (34,58,59). WT and APP23 mice with age
of 3 months old were injected intraperitoneally as described pre-
viously (11,45), with either vehicle [45% 2-hydroxypropyl-
B-cyclodextrin (HBC) in sterile phosphate-buffered saline,
Sigma] or cyclopamine (C4116, Sigma, 25 mg/kg/day, 1 mg/ml
of w/vin45% HBC) (38) for 7 consecutive days. The day follow-
ing last injection, all animals were administered with the mitotic
marker BrdU (100 mg/kg; Sigma) twice a day with interval of
4 h and were sacrificed 24 h later.

Glial precursor cell (GPC) culture

The hippocampus tissues from the neonatant WT mouse (PO—P3)
were isolated under a stereomicroscope. As we previously reported
(23), cells were dissociated using papain/DNase I (Vector Labora-
tories, CA, USA) and cultured in flasks that were pre-coated with
10 mg/ml poly(2-hydroxyethyl methacrylate) (P3932, Sigma) to
avoid cell adhesion (31). Primary neurospheres were generated
in the DMEM/F12 medium (growth medium) containing 10 ng/
ml of bFGF (catalog: 13256-029, Invitrogen) and 10 ng/ml of
EGF (Catalog: PMG8043, Invitrogen) for 14 days.

Shh or AP treatment on neural progenitor cells from WT
hippocampus

To observe the effect of 3 amyloid peptides or Shh on the expres-
sion of Shh signaling, primary neurospheres were dissociated
with papain and re-suspended in the identical growth medium.
The free-floating cells were exposed to 0, 0.2 and 0.4 pg/ml of
Shh (Catalog: 1845-SH, R&D), or 0, 0.1, 1, 10 and 100 pm of
AB1_42 (Catalog: A9810, Sigma) or 0, 0.1, 1, 10 and 100 pm
of ABj_40 (Catalog: H5568, Bachem) for 72 h. The medium
and culture factors are purchased from Invitrogen Company.
The experiment was repeated three times independently.

ELISA

AR ELISA was performed as described previously (23,26). In
brief, wild-type and APP23 mice (r = 10 per group, 5 males
and 5 females) were sacrificed at 3, 6, 9, 12, 18 and 24 months
of age. The hippocampus formation of one hemisphere was
isolated and homogenized in homogenization buffer. Protein
concentrations were measured by protein assays (Bio-Rad La-
boratories). The hippocampal homogenates were centrifuged
at 14 000g for 1 h at 4°C. The supernatant including soluble
AP fractions was collected for the assay of soluble AB;_4¢ and
AR _45. The pellet with insoluble AR was dissolved in 98% of
formic acid and centrifuged for 30 min at 4°C. The supernatant
from the pellet was collected for the assay of insoluble AR _49
and AB_4,. The levels of AB;_49 and AR, _4, were measured
Wlth an AB] —40 and AB] —42 ELISA kit (KHB3481 and
KHB3544, Invitrogen). The ELISA system has been extensively
tested and no cross-reactivity between AR _40 and AR, _4, was
observed. The quantitation of soluble AR ELISA measurement
was normalized to corresponding tissue protein concentration.
Data are presented as means + SD of four experiments.

Western blot

The hippocampus formation from mice (n = 12 each group, 6
males and 6 females), human brains (n = 5 each group) as well
as the treated neural progenitor cells were lysed in cell lysis
buffer (10 mm Tris—HCI pH 7.4, 150 mMm NaCl, 1 mm EDTA,
1 mm EGTA, 10% glycerol, 0.1 M Na3VO,, 0.5% Triton
X-100). Twenty-five micrograms of protein were separated on
8% SDS—PAGE and transferred to PDVF membrane. To
measure the levels of secreted protein Shh in the conditioned
medium, the medium surrounding neural progenitor cells was
collected and centrifuged. Equal volume of the media was
mixed with 20% ice-cold trichloroacetic acid on ice for
30 min. The mix was centrifuged at 10 000g for 10 min. All
supernatant was removed and the drops were dried. The
samples were resuspended in SDS—PAGE loading buffer. Cor-
responding cultured cell lysates were for loading control. The
blot was probed by rat anti-ShhN terminal protein (1:1000,
MAB4641, R&D), rabbit anti-patched 1 (Ptcl, 1:2000, sc-9016,
Santa Cruz Biotechnology), rabbit anti-patched 2 (Ptc2, PA1-
46223, 1:1000, Thermo-Scientific), rabbit anti-smoothened (Smo,
1:2000, sc-13943, clone:488-787, Santa Cruz Biotechnology),
rabbit anti-Glil (1:1000, AB3444, Millipore Bioscience Research
Reagents), rabbit anti-Gli2 (Chip grade, ab26056, 1:1000,
Abcam) and rabbit anti-Gli3 (ab69838, 1:1000, Abcam). The



Table 1. The pathological profiles of human brains

Case Sex Age Neuropathological Postmortem Disease

no. (years)  diagnosis interval (h) duration
(years)

92-32 F 102 HC* 1.67

9526 M 63 HC 3.25

97-50 F 88 HC 2.15

98-33 F 82 HC 2.0

03-31 M 75 HC 2.0

9720 F 83 AD* 3.0 38

98-28 M 88 AD 2.0 7

99-39 M 72 AD 2.5 12

00-47 M 72 AD 2.5 13

03-40 F 75 AD 2.25 6

HC, healthy control; AD, Alzheimer’s disease.

concentration of peroxidase-conjugated secondary antibodies
was 1:50 000.

Immunostaining

Mice were perfused with 4% paraformaldehyde buffered with
0.1 m phosphate buffer. Serial sagittal sections (30 pm) were
generated using a cryostat (Sigma). Sections were penetrated
with 0.15% Triton X-100 and were blocked with 10% horse or
goat serum. The primary antibody was applied against AP
amino acid sequence 1-17 (clone 6E10, MAB1560, 1:2000,
Millipore Bioscience Research Reagents), and rabbit anti-
doublecortin (DCX, 1:1000, ab18723, Abcam) for neuroblast
(immature neuronal precursor). Secondary antibodies were
applied with horse anti-mouse or goat anti-rabbit IgG (1:1000,
Vector Laboratories). For dividing progenitor cell detection,
antigens were retrieved with 50% formamide in 2x BBS
buffer for 60 min in 65°C, and 2 N HCI for 30 min in 37°C.
BrdU-integrated cell nuclei were detected with a rabbit poly-
clonal antibody directing BrdU (1:10 000, Catalog: BP40250,
Megabase). A secondary antibody with biotinylated goat anti-
rabbit IgG (1:1000, BA-1000, Vector Laboratories) was
applied and followed by Vestastain ABC Elit Kitand a DAB sub-
strate (Vector Laboratories). Hematoxylin (Sigma) was used as
counterstaining. For immunofluorescence, primary antibodies
were used as follows, rabbit anti-patched 1 (1:200, sc-9016,
Santa Cruz Biotechnology), mouse anti-BrdU (Catalog: 03-3900,
1:5000, Invitrogen), mouse anti-NeuN (MAB377, 1:400, Milli-
pore Bioscience Research Reagents) and rabbit anti-mouse
nestin (1:50, sc-20978, Santa Cruz Biotechnology). Secondary
antibodies against rabbit IgG or mouse [gG were used (1:1000;
Invitrogen) with fluorescent-labeling 488 (green) or 594 (red).
DAPI (1:10 000, Santa Cruz Biotechnology) was used as coun-
terstaining.

Terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling

With the reference of our previous report (31), the method was
briefed. The tissue sections of 3 months old WT and APP23
mice (n =6 in each group) were treated with 0.5% Triton
X-100 and blocked with 3% BSA for 30 min. The sections
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were then incubated with terminal deoxynucleotidyl TUNEL
reaction mixture according to the manufacturer’s procedures
(Boehringer Mannheim). Negative controls were treated with
Label Solution (without terminal transferase) instead of the
TUNEL reaction mixture. Positive controls were incubated
with DNase I to induce DNA strand breaks and were labeled
with the TUNEL reaction mixture. Incubation was performed
in a humidified atmosphere for 60 min at 37°C in dark. To
show the DG structure, the sections were washed in PBS and
incubated with antibody NeuN for 1 hin RT and secondary anti-
body coupled with fluorescence 594 for 30 min. Samples were
analyzed using a fluorescent microscope. Normal nuclei,
which contained only insignificant amounts of DNA 3’-OH
ends, did not stain with this technique; however, cells with apop-
totic morphology exhibited condensed nuclei (green). NeuN
staining was visualized in red color.

Quantification of immunoreactive structures

Quantification of immunopositive structures was carried out by
an experimenter blind to the study. Left hemisphere of mouse
brains was sagittally sectioned with 30 wm by cryostat. All of
the serial sections were harvested. The sections per interval of
400 pm were chosen as immunostaining. Counterstaining was
performed with hematoxylin (0.1%, Catalogue: 03973, Sigma)
for DAB substrate or DAPI for immunofluorescence to aid visu-
alization of the dentate gyrus. A microscope (DMLS; Leica) with
a 10x N PLAN and 20x and 40 x PL FLUOTAR was used.
Digitized images were captured with a DEI-470 digital camera
(Optronics, Goleta, CA, USA) on a Leica microscope (Leica,
Germany). MagnaFire software (version 2.1C; Optronics) was
used. The immunopositive structures of each section were
counted with same parameter. In general, 9—11 sections
through the hippocampus formation per mouse were calculated
(n = 10 mice in each group). The number of immune-positive
cells or nuclei was totalized based on counting of subpopulation
of each section, which was estimated as total number of immu-
nopositive cells. The total number was divided by the number
of sections and was expressed as immunopositive structure
number per section.

Statistical analyses

Results were expressed as mean + SD. All analyses were per-
formed using a software program (SPSS version 11.5.1;
SPSS). Differences between two groups were assessed using
Student’s #-tests. Differences between three or more groups in
AP treatment on WT neural progenitor cells were evaluated by
one-way analysis of variance models (ANOVA). The level of
significance was P < 0.05.
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