Received: 20 April 2017

Revised: 1 September 2017

Accepted: 11 September 2017

DOI: 10.1111/cns.12763

ORIGINAL ARTICLE

W l L EY C N S Neuroscience & Therapeutics

Increased adult neurogenesis associated with reactive
astrocytosis occurs prior to neuron loss in a mouse model of
neurodegenerative disease

Ting-Ting Liu! | Xiao-Lian Ye? | Jin-Ping Zhang®® | Ting-Ting Yu* | Shan-Shan Cheng! |

Xiao-Chuan Zou® | Yun Xu®

IState Key Laboratory of Pharmaceutical
Biotechnology, MOE Key Laboratory of Model
Animal for Disease Study, Model Animal
Research Center, Jiangsu Provincial Key Medical
Discipline, Nanjing University, Nanjing, China

Department of Pharmacy, China
Pharmaceutical University, Nanjing, China

3Department of Medicament, Nanjing Drum
Tower Hospital, Nanjing University Medical
School, Nanjing, China

4Department of Geriatric, Nanjing Drum
Tower Hospital, Nanjing University Medical
School, Nanjing, China

SDepartment of Neurology, Jiangsu Provincial
Key Medical Discipline, Nanjing Drum Tower
Hospital, Nanjing University Medical School,
Nanjing, China

Correspondence

Gui-Quan Chen, State Key Laboratory of
Pharmaceutical Biotechnology, MOE Key
Laboratory of Model Animal for Disease
Study, Model Animal Research Center, Jiangsu
Provincial Key Medical Discipline, Nanjing
University, Nanjing, China.

Email: chenguiquan@nju.edu.cn

and

Zhen-Yu Yin, Department of Geriatric, Nanjing
Drum Tower Hospital, Nanjing University
Medical School, Nanjing, China

Email: zhenyuyin68@163.com

Funding information

National Natural Science Foundation of China,
Grant/Award Number: 31271123; National Basic
Research Program of Ministry of Science and
Technology of China, the Fundamental Research
Funds for the Central Universities (14380012

and 14380322), Grant/Award Number:
2014CB942804; Key Research and Development
Program of Nanjing Municipal Health Bureau,
Grant/Award Number: ZKX16031

| Gui-Quan Chen'® | Zhen-YuYin*

Summary

Aims: This study was to investigate whether cell proliferation and adult neurogenesis
are affected at early neurodegenerative stage when neuron loss has not begun to
display.

Methods and Results: Forebrain-specific nicastrin (NCT) conditional knockout (cKO)
mice were generated by crossing NCT”f with CaMKlla-Cre Tg mice. BrdU was used as
(NPCs).
Immunohistochemistry (IHC) on BrdU indicated that the total number of BrdU positive
(+) cells was increased in NCT cKO mice. IHC on doublecortin (DCX) showed that the

total number of DCX+ cells was also increased in NCT cKO mice. NCT cKO mice dis-

a lineage tracer to label proliferating neural progenitor cells

played significant astrogliosis as well. However, NCT cKO mice at 3 months did not
show significant neuronal death or synaptic loss.

Conclusions: NCT-dependent y-secretase activity plays an important role in cell pro-
liferation and immature neuron generation. Enhanced neurogenesis and astrogliosis
may be early cellular events prior to the occurrence of neuronal death in neurodegen-

erative disease.
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1 | INTRODUCTION

Neurogenesis is a process of generating functional neurons from neu-
ral stem cells in the brain of mammals.* Adult neurogenesis takes place
in certain regions of postnatal brain, including the subgranular zone
(SGZ) of the dentate gyrus (DG) and the subventricular zone (SVZ)
around the lateral ventricles.? It is believed that adult neurogenesis
is not only important for the repair of the damaged nerve cells after
brain injury ° but also for hippocampal synaptic plasticity and learning
and memory.4'5 Neurogenesis involves several neurogenic processes,
including NPC proliferation, immature neuron migration, the survival
of newborn neurons, and the integration of new neurons into the net-
work of the central nervous system (CNS).?

Alzheimer’s disease (AD) is the most common form of dementia. AD
is characterized by massive neuron loss and the formation of amyloid
plagues and neurofibrillary tangles.® Recent evidence has shown that
mutations on presenilin 1/2 (PS1/2) are the major cause for familial
AD.® PS is a subunit for the y-secretase complex, which is a membrane-
embedded protease that cleaves amyloid precursor protein (APP) and
Notch receptors.” The other three subunits include NCT, anterior
pharynx-defective 1 (Aph1) and presenilin enhancer 2 (PEN2).8 It has
been proposed that PS mutations may cause AD in a loss of function
mechanism.”® Consistent with this, several groups have shown that
conditional inactivation of PS1/2 leads to AD-like neurodegeneration
in mice.1**> Moreover, loss of NCT in the forebrain also causes age-
dependent neurodegeneration.*®"*8 The above findings suggest that PS/

NCT-dependent y-secretase activity is required for neuronal survival.
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Studies on adult neurogenesis in AD have led to opposite con-
clusions. First, early work using brain tissues of Alzheimer patients
revealed increased protein levels of DCX, suggesting increased neuro-
genesis in AD.'? However, another study showed that there is increased
glial proliferation but not neurogenesis in AD.2° Second, results from
different lines of APP transgenic (Tg) mice are somehow contradictory.
Work by Jin et al?* showed that the PDGF-APPg,, .

increased neurogenesis in the SGZ and the SVZ. Similar findings were

4 mouse exhibits

obtained by several other groups‘zz'24 In contrast, Haughey et al?>%
were the first to show decreased adult hippocampal neurogenesis in
an APP Tg mouse model of AD. Moreover, decreased neurogenesis has
been reported in several different lines of APP Tg mice 272? and the
3 x Tg mouse model of AD.30-32

Abundant evidence has shown that conditional inactivation of
PS1/2 causes age-dependent AD-like neurodegeneration,12'14'15’33'34
making it an open question whether loss of y-secretase activity im-
pairs neurogenesis. Interestingly, a recent study has nicely shown
that forebrain-specific PS1/2 double cKO mice aged at 7-9 and
18-20 months exhibit increased cell proliferation and increased
generation of new neurons in the hippocampus,34 suggestive of
enhanced adult neurogenesis at early or late stage of neurode-
generation. However, it has remained unknown whether loss of y-
secretase activity affects neurogenesis before neuronal death has
taken place. In this study, we examined cell proliferation and the
number of immature neurons in NCT cKO mice at 3 months, an age
when neuron death and neuron loss were not detected. We ob-

served increased cell proliferation and immature neuron generation,
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FIGURE 1 Conditional inactivation of NCT in the forebrain of NCT cKO mice. A, The expression pattern of Cre recombinase. Sagittal brain section
was obtained from CaMKlla-Cre;mTmG mouse. Green fluorescence (by GFP) is clearly seen in the cortex, the hippocampus, the olfactory bulb and the
striatum but not cerebellum. Scale bar = 500 pm. B, Western blotting on NCT using cortical samples of 3-month NCT cKO mice. There was significant
difference on protein levels of NCT between NCT cKO mice and age-matched littermate controls (control = 100% + 9.4%, cKO = 50.2% + 3.0%; n = 3
per group; ****, P < .001). C, Nissl staining. Comparable brain morphology was detected between control and NCT cKO mice. Scale bar = 500 pm
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highlighting a critical role of NCT-dependent y-secretase activity in

adult neurogenesis.

2 | MATERIALS AND METHODS

2.1 | The animals

Floxed NCT mice (NCTf) and CaMKlla-Cre Tg mice were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA).'® Mice were bred
in an SPF (specific pathogen free) room of the core animal facility of
the Model Animal Research Center at Nanjing University. The room
temperature was 25 + 1°C, and the light-cycle was automatically con-
trolled (12 hours for light and 12 hours for dark). Mice had free access
to food and water. The originally generated NCT 7* mouse had the
mixed genetic background (129/C57BL/6), butithad been backcrossed

(A) Cortex

to BL/6 for >10 generations.'® Whereas NCT "f:CaMKlla-Cre was
used as NCT cKO, its age-matched littermates, NCT”f and NCT *;
CaMKlla-Cre, served as the control in this study.

2.2 | Nissl staining

The mice were euthanized with CO,, perfused with PBS, fixed in
4% paraformaldehyde overnight at 4°C, dehydrated using graded
ethanol. After paraffin embedding, each block which contained 4
hemi-brains including 2 controls and 2 cKOs was sectioned sagit-
tally (10 pm) using a microtome. On each slide, there were 4 sagit-
tal brain sections (2 controls and 2 cKOs), which were on identical
stereotaxic plane. Brain sections were deparaffinized, ethanol rehy-
drated, and then rinsed for 5 minutes using distilled water. Sections

were treated with 0.1% cresyl-violet for 1 min and then rinsed with
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FIGURE 2

Increased cell proliferation in NCT cKO mice at 3 mos. A, IHC on BrdU with counter staining of Nissl at low magnification.

Representative images for BrdU immunostaining were taken for the cortex (a-b) and the DG (c-d) of control and NCT cKO mice. BrdU+ cells
were shown in Brown. The Blue+ cells were Nissl+. Scale bar = 100 pm. B, The boxed areas in Figure 2A-c, d were enlarged here. There were
more BrdU+ cells in the GCL of NCT cKO mice (b) than in controls (a). BrdU+ cells in NCT cKO mice were indicated by black arrows. Scale bar =
25 pm. C, Cell-counting results for BrdU+ cells in the GCL. There was a significant difference on the averaged number of BrdU+ cells per section

between control and NCT cKO mice (**, P < .01)
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water. Sections were dried naturally and then sealed using neutral
resin.

2.3 | Immunohistochemistry

A total of 6-8 slides (spaced at 200 pm), on which each brain section
contained intact hippocampal formation including CA1, CA3, and DG
areas, were used for IHC and FIHC on BrdU, DCX, or GFAP. Sagittal
brain sections were deparaffinized, ethanol rehydrated. After retrieval
of antigen (boiled in 0.01M pH6.0 sodium citrate buffer solution for
25 minutes and then cooled to room temperature), sections were
blocked using hydrogen peroxide (30% H,0, diluted 10:1 in methanol
for 30 minutes), incubated with BSA (5% bovine serum albumin in PBS
for 30 minutes) and were incubated overnight at 4°C with the follow-
ing antibodies including GFAP (1:500; Sigma-Aldrich, St. Louis, MO,
USA), BrdU (1:200; Abcam, Cambridge, UK), DCX (1:200; Santa Cruz
Biotechnology, Santa Cruz, Dallas, TX, USA), NeuN (1:500; Millipore,
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Billerica, MA, USA), MAP2 (1:200; Sigma-Aldrich), or SVP38 (1:500;
Sigma-Aldrich), respectively. After incubation with secondary anti-
bodies diluted in PBS (phosphate buffer solution), the sections were
developed using the avidin-biotin peroxidase complex method (ABC
kit). Sections were then dehydrated using graded ethanol and sealed
using neutral resin. For fluorescence immunostaining, brain sections
were incubated with either Alexa Fluor 488 goat anti-mouse/anti-
rabbit or Alexa Fluor 594 goat anti-mouse/anti-rabbit secondary an-
tibodies (Invitrogen, Waltham, MA, USA), and then analyzed with a
Leica SP5 confocal laser-scanning microscope.

2.4 | Western blotting

Mice cortices were dissected after CO, euthanasia and PBS perfu-
sion. Tissues were homogenized in cold radio immunoprecipitation
assay lysis buffer containing protease and phosphatase inhibitors
(Thermo). Lysates were cleared by centrifugation (13 400 g for
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FIGURE 3

Increased number of immature neurons in NCT cKO mice at 3 mos. A, IHC on DCX. Representative images for DCX IHC were

taken for the cortex and the DG of control and NCT cKO mice. DCX+ cells were shown in Brown. There were more DCX+ cells in the DG of NCT
cKO mice than in controls. Scale bar = 100 pm. B, The boxed areas in Figure 3A-c,d were enlarged here. There were more DCX+ cells in the DG
of NCT cKO mice than in controls. Scale bar = 25 um. C, Cell-counting results for DCX+ cells in the GCL. There was a significant difference on
the averaged number of DCX+ cells per section between control and NCT cKO mice (*, P < .05)
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30 minutes, 4°C). Normalized volume of samples (40 pg total pro-
tein) was resolved in 10% SDS-PAGE (invitrogen), transferred to
nitrocellulose membrane. After blocking with 5% (w/v) of nonfat
milk solution, membranes were probed with primary antibodies
overnight and detected using infrared dye-coupled secondary an-
tibodies. Membranes were scanned using Odyssey Infrared Imaging
System (Li-Cor). Primary antibodies used were as following: anti-
NCT (1:200; Sigma-Aldrich), anti-actin (1:10000; SAB, College Park,
MA, USA), GFAP (1:500; Sigma-Aldrich), NeuN (1:500; Millipore),
anti-SVP38 (1:1000; Sigma-Aldrich), anti-PSD95 (1:1000; CST,
Danvers, MA, USA), and anti-MAP2 (1:500; Sigma-Aldrich).

2.5 | Quantitative real-time PCR

Total RNA was extracted by using the TRIzol (Invitrogen) according to
the instructions. PrimeScript RT reagent Kit (Takara, Kusatsu, Japan)
was used to get first-strand cDNA. Real-time PCR was performed in
an ABI StepOne Plus machine. To examine relative GFAP mRNA lev-
els, primers including GTTACCAGGAGGCACTTGCT (forward, 5'->3)
and ACAGGAATGGTGATGCGGTT (reverse, 5'->3") were used.

2.6 | BrdU injection

For the proliferation study, mice received intraperitoneal injection of
BrdU (Sigma) once a day for 3 consecutive days at the concentration of
100 mg/kg, and were sacrificed at the fourth day. Paraffin embedded
brain sections were then prepared. Incorporated BrdU was detected
by immunostaining using an antibody against BrdU. The total number
of BrdU+ cells was counted using a stereological method.

2.7 | TUNEL staining

Brain sections were blocked using 5% BSA for 30 minutes followed
by the treatment of Fluorescein (Vazyme, Nanjing, China) at 37°C for
an hour. TUNEL staining was analyzed using a Leica confocal laser-
scanning microscope.

2.8 | Cell counting

IHC images for BrdU, DCX and GFAP staining were captured for the
cortex and the DG using the Olympus BX53-CellSens Standard system.
Images were taken under the 10 x objective lens of the Olympus BX53
microscope. Whereas the paraffin sectioning, the IHC and the FIHC
experiments were conducted by one person (LT), cell counting was per-
formed by a different person (YXL) who was blinded to the genotype.
The total number of BrdU+ cells or DCX+ cells in the granule cell layer
(GCL) was counted and then averaged across sections. The total num-
ber of GFAP+ cells in the DG area was counted and then averaged.

2.9 | Statistical analysis

Data were presented as the mean + SEM. Two-tailed Student’s t test
for pairwise comparisons was performed to examine the difference

between control and cKO mice. P < .05 (*) was considered statistically
significant. For Western analysis, at least four pairs of control and cKO
mice were used. For cell-counting analysis, at least three pairs of con-
trol and cKO mice were included.

3 | RESULTS

3.1 | Increased cell proliferation in neuron-specific
NCT cKO mice

We generated neuron-specific NCT cKO mice by crossing NCTf

with CaMKlla-Cre® mice, which began to express Cre recombinase
specifically in excitatory neurons of the forebrain since the age of
6-8 weeks.3® To confirm the expression pattern of Cre, we bred
CaMKlla-Cre with a reporter line, Rosa26 mTmG® and obtained
CaMKlla-Cre;mTmG (Figure 1A). Using cortical samples of mice aged
at 3 months, we performed biochemical analysis and observed sig-
nificantly reduced protein levels of NCT in cKO mice (Figure 1B). We
then conducted Nissl staining and found no detectable change in brain
morphology of NCT cKO animals (Figure 1C). We have previously re-
ported that this line of NCT cKO mice exhibit about 50% reduction
in the total number of NeuN+ cell in the cortex aged at 13 months.®

To investigate whether adult neurogenesis was affected in NCT
cKO mice prior to the occurrence of neurodegeneration, we used BrdU
as a lineage tracer to label proliferating NPCs. Each mouse received
intraperitoneal injection of BrdU. Brain sections spaced at 200 pm
were collected to conduct IHC for BrdU (Figure 2A). BrdU+ cells in
the GCL, the hilus of the DG, and the cortex were counted separately.
The averaged number of BrdU+ cells in the GCL of NCT cKO mice
was significantly more than that in control mice (Figure 2B-C: control =
10.7 £ 0.7, cKO = 17.9 + 1.0; n = 4 mice per group; P < .01; two-tailed
Student’s t test). In contrast, the averaged number of BrdU+ cells in the
cortex was not different between control and NCT cKO mice (data not
shown). Therefore, loss of NCT caused increased cell proliferation in
the GCL of the hippocampus.

3.2 | Increased number of immature neurons in NCT
cKO mice

To investigate whether increased cell proliferation affected adult neu-
rogenesis, we conducted IHC for DCX, a marker for immature neu-
rons (Figure 3A). We observed increased number of DCX+ cells in
NCT cKO mice (Figure 3B). Cell counting results confirmed this finding
in NCT cKO mice (Figure 3C: control = 60.4 + 4.1, cKO = 86.3 £+ 9.1;
n =4 mice per group; P < .05). There was no difference on the aver-
aged number of DCX+ cells in the cortex between control and NCT
cKO mice (data not shown). Overall, adult neurogenesis was increased
in NCT cKO mice.

3.3 | Enhanced astrocytosis in NCT cKO mice

To investigate whether there was change on neuroinflammatory re-
sponses in NCT cKO mice at early adulthood, we performed IHC for
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FIGURE 4 Reactive astrocytosis in
NCT cKO mice at 3 mos. A, IHC on GFAP.

Representative images for GFAP IHC were
c ,j,f, . taken for the cortex and the DG of control
s e % and NCT cKO mice. GFAP+ cells were
3 shown in Brown. There were more GFAP+
x i cells in the DG and the cortex of NCT cKO
3 L mice than in controls. Scale bar = 100 pm.
o B, Cell-counting results for GFAP+ cells in
b 1, e the DG. The total number of GFAP+ cells
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B cKO mice. There was a highly significant
B i exss KDa Control difference on the averaged number of
i::‘ - -} = 55 - ———— (] \ P P GFAP+ cells between two groups (****,
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FIGURE 5 No neuron loss in NCT cKO
mice at 3 mos. A, IHC on NeuN in control
and NCT cKO mice. No detectable changes
Control NCT cKO on NeuN immunoreactivity were observed

5 120 n.s. M Control
- ' ‘ NeuN 5% ONCT KO in the cortex (b), the hippocampus (d)
z 9 and the cerebellum (f) of NCT cKO mice.
7-dD G & @& G/rpoH ;5 A Scale bar = 200 pm. B, Western analysis of

NeuN. There was no significant difference
in NeuN protein levels between control and
NCT cKO mice at 3 mos of age (control =
100 + 1.7%, cKO = 88.6 £ 10.3%; n = 3-4/
group; n.s.: not significant, P > .2). C,
TUNEL staining in NCT cKO mice at 3 mos.
A positive control from a 4-month-old
Dicer cKO mouse was used (c). TUNEL+
cells were shown in Green, and DAPI+
cells were in Blue. No TUNEL+ cells were
observed in control (a) and NCT cKO mice
(b). Scale bar = 25 um

Control NCT ¢cKO Positive control
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FIGURE 6 Neither synaptic loss nor

dendritic degeneration in NCT cKO mice

at 3 mos. A, Immunostaining of SVP38 in

NCT cKO mice at 3 months. DAPI+ cells ©

kDa

were in Blue, and SVP38 + cells were in
Green. There was no detectable difference
on SVP38 immunoreactivity in the cortex
(a,b) and the hippocampus (c,d) of control
and NCT cKO mice. Scale bar = 50 pm.

B, Immunostaining of MAP2 in NCT cKO
mice at 3 mos. DAPI+ cells were in Blue,
and MAP2 + dendrites were in Red. There
was no qualitative difference on MAP2

Cortex Hlllocamius

immunoreactivity in the cortex (a,b) and 150 —
the hippocampus (c,d) of control and NCT -
cKO mice. Scale bar = 50 pm. C, Western o 125 __
analyses on SVP38, PSD95, and MAP2. @ 100 —
There were no significant differences on )

relative protein levels between control and g 75 —
NCT cKO mice at 3 mos (SVP38: control = ‘g —
100 # 3.1%, cKO=101.4 + 5.5%; PSD95: - 50—
control = 100 + 2.7%, cKO = 110.1 + 7.3%; a3 25 __

MAP2: control = 100 + 8.4%, cKO =
106.8 + 5.4%; n = 4/group; n.s.: not

Control

(8) Cortex Hlllocamlus

NCT cKO

Control NCT cKO

3 - G G NS G 5P
o5 - (MR S SR S °SDoS

20- mm— TR SR SR MAR
£ - W WY W W [-actin

significant, P > .2)

GFAP. Increased immunoreactivity of GFAP was detected in the cor-
tex and the hippocampus of NCT cKO mice as compared to control
animals (Figure 4A). The total number of GFAP+ cells in the DG of
NCT cKO mice was larger than that in control animals (Figure 4B:
control = 69.8 +4.1,n=4; cKO = 103 + 3.4, n = 6; P < .001). In the
cortex, cell counting results showed significant difference on the av-
eraged number of GFAP+ cells per 100 x 100 um field between NCT
cKO and control mice as well (control = 1.4 + 0.4; cKO = 7.2 + 0.7;
P <.001). To confirm these morphological changes, we performed
Western blotting and quantitative real-time RT-PCR analysis for
GFAP. First, GFAP protein levels were significantly increased in NCT
cKO mice as compared to controls (Figure 4C: control = 100 + 11.7;
cKO = 147.4 + 35.2; n = 4/group; P <.05). Second, relative GFAP
mRNA levels were significantly higher in NCT cKO mice than in
controls (Figure 4D: control = 100 + 6.5, n = 4; cKO = 185.9 + 26.1,
n = 3; P < .05). Overall, the above results confirmed significant reac-

tive astrocytosis.

ns W Control
n.s. T NS. O yer KO
o o
] 1 1
SVP38 PSD95 MAP2

3.4 | Neither neuron loss nor synaptic loss in young
NCT cKO mice

To determine whether loss of NCT affected the total neuron num-
ber at 3 months, we performed IHC for NeuN, a marker for ma-
ture neurons. First, we did not find significant changes on NeuN
immune-reactivity in the cortex, the hippocampus and the cerebel-
lum of NCT cKO mice (Figure 5A). The total number of NeuN+ cells
was not different between NCT cKO and age-matched littermate
controls (data not shown). Second, Western analysis confirmed no
reduction in total protein levels of NeuN in NCT cKO mice as com-
pared to controls (Figure 5B). Third, to examine whether there was
apoptotic neuron death at this age, we performed the terminal de-
oxynucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) experiment. TUNEL+ cells were not observed in NCT cKO
mice and controls (Figure 5C). Overall, the above data suggest that
there was no evident neuron loss in NCT cKO mice at 3 months.
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We next conducted IHC on synaptophysin (SVP38), a marker
for presynaptic terminals. No changes on SVP38 immune-reactivity
were found in the cortex and the hippocampus of NCT cKO mice
as compared to controls (Figure 6A), suggesting no significant
synaptic loss. To analyze whether loss of NCT affected dendritic
morphology, we performed IHC on MAP2, a marker for dendrite.
There were no changes on MAP2 immunoreactivity in the cortex
and the hippocampus of NCT cKO mice as compared to control ani-
mals (Figure 6B). Our Western analyses showed that there were no
significant changes on protein levels of SVP38, MAP2, and PSD95
(postsynaptic density protein 95) between control and NCT cKO
mice (Figure 6C), suggesting no evident synaptic or dendritic loss in

young NCT cKO mice.

4 | DISCUSSION

Recent work has revealed a complex relationship between neurogene-
sis and AD.8 Interestingly, it remained largely uninvestigated whether
neurogenesis is affected prior to neuronal death in neurodegenera-
tive disease. To address this question, we used forebrain-specific NCT
cKO mice (Figure 1), as the latter exhibit age-related neurodegenera-
tion. The following novel observations have been obtained. First, cell
proliferation is increased in NCT cKO mice (Figure 2). Second, more
immature neurons are generated in NCT cKO mice than in controls
(Figure 3). Third, astrocytosis is enhanced in NCT cKO mice as com-
pared to controls (Figure 4). Finally, loss of NCT does not cause apop-
tosis, neuron loss or synaptic loss in mice at 3 months (Figures 5 and 6).

Previous studies on neurogenesis using APP mouse models of
AD have yielded opposite findings. For example, some groups re-
ported increased proliferation of NPCs but others showed impaired
neurogenesis in different lines of APP Tg mice.®® As APP Tg models
of AD overexpress different types/numbers of human mutated APP
genes in the brain, this could cause the discrepancy.® In this study,
we employed a neurodegenerative model to study adult neurogen-
esis. The NCT cKO mouse used in this study® differs from APP Tg
mice in that it displays remarkable age-related cortical neurodegen-
eration without Ap deposition. Here, we have examined whether cell
proliferation and adult neurogenesis are affected at an age when
neuron death has not started. We have shown that both cell pro-
liferation and the generation of immature neurons are increased in
young NCT cKO mice. Interestingly, a previous study has demon-
strated that cell proliferation, neuron differentiation, and the sur-
vival of newborn neurons are increased at both early and late stages
of neurodegeneration in PS1/2 double cKO mice.®* These findings
have thus raised a possibility that loss of y-secretase activity may
enhance adult neurogenesis.

In this study, we have also shown that 3-month-old NCT cKO mice
do not display neuronal death but exhibit abnormal astrocytosis. The
first possibility to explain increased neurogenesis in NCT cKO mice is
that reactive astrocytosis caused by loss of NCT may promote neuro-
genesis. The following evidence may provide some indirect support

to this explanation. First, reactive astrocytes have been reported to

prevent tissue loss after acute brain injury.>’ Second, after brain injury,
astrocytes release fibroblast growth factor 2 to stimulate cell prolif-
eration in rat brain.*>*! Third, it has been shown that sonic hedgehog
(SHH) signaling is required for the maintenance of NPCs.*2 After brain
injury, reactive astrocytes produce SHH*® which stimulates NPCs to
generate new neurons in vitro and in vivo.*

The second possibility is that NCT may negatively regulate neuro-
genesis via the Notch signaling. It is well known that Notch is required
for the cell fate determination of NPCs.* Previous studies have shown
that deletion of PS1 in the whole body™*® or conditional inactivation of
PS1/2 in NPCs causes premature neuron differentiation.*” As inactiva-
tion of NCT or PS1/2 directly affects y-secretase activity, the expres-
sion of Notch targets is inhibited. Consistent with this, neurogenesis is
enhanced either in young NCT cKO mice displaying no neuron death®®
orin PS1/2 double cKO mice at early or late stage of neurodegenera-
tion.2* Overall, our findings highlight a critical role of NCT-dependent

y-secretase activity in adult neurogenesis.
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