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Abstract

Background: A devastating aspect of Alzheimer’s disease (AD) is the progressive deterioration of memory due to neuronal
loss. Amyloid precursor protein (APP) occupies a central position in AD and APP-derived amyloid-b (Ab) peptides are
thought to play a pivotal role in disease pathogenesis. Nonetheless, it is becoming clear that AD etiology is highly complex
and that factors other than Ab also contribute to AD pathogenesis. APP intracellular domain (AICD) is generated together
with Ab and we recently showed that AICD transgenic mice recapitulate pathological features of AD such as tau
hyperphosphorylation, memory deficits and neurodegeneration without increasing the Ab levels. Since impaired adult
neurogenesis is shown to augment memory deficits in AD mouse models, here we examined the status of adult
neurogenesis in AICD transgenic mice.

Methodology/Principal Finding: We previously generated transgenic mice co-expressing 59-residue long AICD fragment
and its binding partner Fe65. Hippocampal progenitor cell proliferation was determined by BrdU incorporation at 1.5, 3 and
12 months of age. Only male transgenic and their respective wilt type littermate control mice were used. We find age-
dependent decrease in BrdU incorporation and doublecortin-positive cells in the dentate gyrus of AICD transgenic mice
suggesting impaired adult neurogenesis. This deficit resulted from decreased proliferation and survival, whereas neuronal
differentiation remained unaffected. Importantly, this impairment was independent of Ab since APP-KO mice expressing
AICD also exhibit reduced neurogenesis. The defects in adult neurogenesis are prevented by long-term treatment with the
non-steroidal anti-inflammatory agents ibuprofen or naproxen suggesting that neuroinflammation is critically involved in
impaired adult neurogenesis in AICD transgenic mice.

Conclusion/Significance: Since adult neurogenesis is crucial for spatial memory, which is particularly vulnerable in AD,
these findings suggest that AICD can exacerbate memory defects in AD by impairing adult neurogenesis. Our findings
further establish that AICD, in addition to Ab, contributes to AD pathology and that neuroinflammation plays a much
broader role in AD pathogenesis than previously thought.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative

disorder characterized by a gradual decline in memory and

executive functions. Mounting evidence suggests Amyloid

precursor protein (APP) and presenilins are central molecules

in the pathophysiology of AD [1,2]. Aided by presenilins, APP

undergoes constitutive proteolysis to produce multiple frag-

ments including amyloid b (Ab) peptides, which form senile

plaques. A vast number of studies have shown that Ab plays a

pivotal role in the pathophysiology of AD [2] and it is thought

that Ab peptides, in an as yet uncertain form, trigger a cascade

of downstream deleterious events that eventually results in AD.

Ab peptides are shown to hyperphosphorylate tau [3], induce

neuronal cell death in vitro, and cause memory deficits in mice

[4]. They are also implicated in causing silent seizures [5] and

in the impairment of adult neurogenesis in AD mouse models

[6–10].

The process of neurogenesis occurs mostly during embryogen-

esis but also persists during adulthood in the subventricular zone

and subgranular zone (SGZ) of the hippocampus. There is

increasing evidence that adult hippocampal neurogenesis plays an

important role in learning and memory [11]. Increased adult

neurogenesis enhances hippocampal-dependent learning and

memory [12] whereas decreased neurogenesis impairs it [13].

Also, drugs that increase hippocampal neurogenesis also increase

learning and memory [14] and hippocampal neurogenesis is

known to decline with aging [15]. Adult neurogenesis is important

for maintaining spatial memory function [13,16], which is

characteristically lost in AD patients. Thus, impaired neurogenesis

is being recognized as a significant pathological feature of AD

since it can further exacerbate the memory decline caused by

neuronal loss.

Although, Ab peptides have been known to play a pivotal role in

AD pathology, it is becoming increasingly clear that not all aspects

of AD can be accounted for by Ab alone [17,18]. Findings from
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such diverse lines of investigation as neuroimaging, clinical trials

and preclinical observations suggest that non-Ab factors also

contribute to memory deficits in AD. The cleavage of APP by

presenilins, which generates Ab, also releases APP Intracellular

domain (AICD) from the membrane. AICD modulates gene

transcription in vitro [19,20], alters signaling pathways and exerts

deleterious effects in tissue culture cells [21,22], which could cause

AD-like features in vivo. Indeed, AICD expressing transgenic mice

recapitulate such AD pathologies as activation of glycogen

synthase kinase-3b (GSK3b), phosphorylation and aggregation of

Tau, deficits in working memory and abnormal neural activity and

silent seizures [23–25]. Interestingly, these pathologies were

observed without appreciable changes in APP metabolism or Ab
generation [24]. Since AICD levels are elevated in human AD

brains [24], these findings raise the possibility that AICD, in

addition to Ab, significantly contributes to AD pathogenesis.

In this study, we report that AICD transgenic mice also exhibit

impaired adult neurogenesis by reducing neuronal proliferation

and survival. This impairment is observed even in the absence of

endogenous APP demonstrating that AICD alone is capable of

inducing the deleterious effects. Importantly, the defective adult

neurogenesis is prevented by blocking neuroinflammatory changes

indicating that neuroinflammation plays a much broader role in

AD pathogenesis than previously thought.

Results

Adult hippocampal progenitor cell (HPC) proliferation is
reduced in AICD transgenic mice

We measured HPC proliferation in the SGZ by injecting male

AICD transgenic mice (line FeCc25) at 1.5, 3 or 12 months of age

daily with BrdU for 3 days. Mice were sacrificed 24 hours after the

last injection, brains were harvested, fixed and free-floating

sections were prepared. We used male mice in this study to avoid

the confounding effects of estrus cycle and gonadotrophins on

adult neurogenesis in female animals [26]. Brain slices were

immunostained with anti-BrdU antibody and BrdU-positive

(BrdU+) cells were quantified in the SGZ (defined as the region

spanning the border of granule cell layer and hilus with two cell

layers into the granule cell layer and hilus) of the entire rostro-

caudal extent of the hippocampus. At 1.5 months, the numbers of

BrdU+ cells in FeCc25 mice were similar to that observed in non-

transgenic control littermates (Fig. 1A,B). However, 3-month-old

FeCc25 mice exhibited reduced BrdU+ cells compared to wild-

type animals (Fig. 1C). Since FeCc25 transgenic mice co-express

AICD and Fe65 (which binds and stabilizes AICD), we performed

an analogous experiment on Fe27 transgenic mice, which express

Fe65 alone [23]. Fe27 mice showed a similar number of BrdU+
cells as the non-transgenic controls (Fig. 1C, E), indicating that

AICD is required to observe impaired HPC proliferation in 3-

month-old mice. The deficits in HPC proliferation were also

observed in 12-month-old AICD transgenic mice (p,0.05;

Fig. 1D, E). Animals older than 12 months were not studied

because at this stage even the wild-type mice showed a very low

level of adult neurogenesis. Together, these data suggest that

AICD impairs adult HPC proliferation in vivo.

Decreased hippocampal neurogenesis in AICD transgenic
mice

A majority of newborn cells in the SGZ of adult animals do not

survive, and the surviving cells differentiate into neurons or glia

[27]. To examine whether reduced HPC proliferation is also

accompanied by reduced neurogenesis, we immunostained the

brain sections with anti-doublecortin (DCX) antibody. DCX is a

microtubule binding protein that is expressed by immature

neurons but not by glia. At 3 months of age, wild-type mice

showed a large number of highly branched DCX+ cells in the

SGZ, with branch tips extending into the molecular layer (Fig. 2A).

By contrast, the staining was severally diminished in age-matched

FeCc25 mice and there was a decrease in the number of DCX+
cells (Fig. 2A, 2D) as well as in the extent of arborization (see

Fig. 2C). As observed above, the reduction in the number of

DCX+ persisted in 12-month-old mice (Fig. 2B, 2D). Collectively,

these results demonstrate that reduced HPC proliferation is

accompanied by decreased neurogenesis in AICD transgenic mice

and that these deficits are apparent at 3 months of age and

continue to at least 12 months of age.

AICD impairs cell survival but not cell differentiation in
hippocampus

We further corroborated the finding that AICD transgenic mice

show impaired HPC proliferation by determining the cell survival

and differentiation of the newborn cells. To measure cell survival,

we injected mice with BrdU for three consecutive days and

sacrificed them either one day or four weeks after the last injection

(Fig. 3A). Most newborn granular cells die during this time period

and the surviving cells differentiate into neurons or glia.

Quantification of BrdU+ cells showed that survival of the newborn

cells (the ratio of BrdU+ cells after 4 weeks to the BrdU+ cells after

1 day) was decreased (p,0.01) in FeCc25 mice (Fig. 3B). Roughly

19% and 14% of newborn cells in wild-type animals and in

FeCc25 mice survived after 4 weeks respectively.

We also determined the differentiation of newborn cells into

neurons and glia by performing double-immunostaining using

neuronal and astrocytic markers (Fig. S1). Brain sections were

incubated with anti-BrdU antibody and anti-NeuN antibody (to

mark mature neurons) or anti-GFAP antibody to identify

astrocytes. There were no significant differences in the percentage

of ‘NeuN+BrdU’ double-labeled cells and approximately half of

the newborn cells matured into neurons in both FeCc25 and wild-

type mice (Fig. 3C). Similarly, there were no significant differences

in the proportion of BrdU+ cells that matured into astrocytes

(Fig. 3D). Together, these results indicate that AICD decreases

HPC proliferation and survival without affecting cell differentia-

tion.

AICD impairs HPC proliferation in mice lacking APP
Adult neurogenesis is reduced in many mouse models of AD

and this reduction may be caused by multiple factors [reviewed in

6]. We previously showed that APP processing and Ab levels were

unchanged in 3-month-old FeCc25 mice compared to control

mice [24]. Thus, Ab probably plays no role in reduced adult

neurogenesis in FeCc25 animals. However, to address this issue

unambiguously, we crossed FeCc25 mice with APP knockout

animals and obtained AICD-expressing APP2/2 mice. 3-month-

old FeCc25;APP2/2 mice were injected with BrdU for 3 days,

brains were harvested on the 4th day and sections were

immunostained for BrdU (Fig. 4A, B) or DCX (Fig. 4C). The

lack of APP did not seem to affect adult neurogenesis since the

number of BrdU+ cells in APP2/2 animals (Fig. 4B) was similar to

that seen in wild-type animals (see Fig. 1B). However, there was a

small but significant decline (p,0.05) in the number of BrdU+
cells in the SGZ of FeCc25;APP2/2 (Fig. 4 A, B). These results

unambiguously show that AICD, in the absence of endogenous

Ab, can impair HPC proliferation in vivo. We examined the DCX+
immature neurons in the SGZ of these mice and found that

FeCc25;APP2/2 animals displayed a reduced number of DCX+
cells compared to APP2/2 mice at 3 months of age (Fig. 4C, 4D).

AICD Impairs Neurogenesis
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Also, the DCX+ cells showed reduced arborization in FeC-

c25;APP2/2 animals (Fig. 4C, right panels).

We next determined the level of HPC proliferation in two

established mouse models of AD. APPPS1 mouse model expresses

‘Swedish’ mutant APP and M146L mutant presenilin [28] whereas

R1.40 mice express only ‘Swedish’ mutant APP [29]. We observed

a reduction in HPC proliferation in 3-month-old APPPS1 mice

but not in R1.40 animals (Fig. S2) even though both mouse models

show elevated levels of Ab. We do not know whether R1.40 mice

show neurogenesis defects at older ages but at a minimum, these

results show that an elevation in Ab alone does not necessarily

result in reduced neurogenesis. In any case, our findings confirm

Figure 1. AICD transgenic mice show decreased cell proliferation in the SGZ of hippocampus. Representative images of BrdU
immunostaining in the subgranular zone (SGZ) of the dentate gyrus performed on 1.5-mont-old (A) 3-month-old (C) and 12-month old (D) wild-type
and FeCc25 animals one day after the final BrdU injection (100 mg/kg). (A–B) At 1.5 mo there was no statistically significant difference in the number
of BrdU-labeled cells between wild-type and FeCc25 mice, quantified in (B). (E) Quantitative analysis of the total number of BrdU+ cells throughout
the entire rostro-caudal extent of the hippocampus in 3-month-old (top) and 12-month-old (bottom) animals reveal a statistically significant decrease
in the number of BrdU+ cells in the SGZ of FeCc25 mice compared to wild-type mice. (n = 3, 4 and 4 for both wild-type and FeCc25 mice at ages 1.5
mo, 3 mo and 12 mo respectively. n = 3 for Fe27 mice at 3 mo. * p,0.05, ** p,0.01).
doi:10.1371/journal.pone.0011866.g001
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the previous results of reduced adult neurogenesis in mouse AD

models and extend them to show that AICD, without Ab, is also

able to impair HPC proliferation.

Treatment with NSAIDs prevents the deficits in HPC
proliferation and neurogenesis

We next explored the potential mechanisms underlying the

inhibitory effects of AICD. Impairment of adult neurogenesis by

AICD in FeCc25 mice is probably not mediated by cell-

autonomous mechanisms because AICD expression is driven by

the CaMKIIa promoter, which is active only in mature neurons

[30]. However, since a number of factors including environmental

stress and neuroinflammation are known to inhibit adult

neurogenesis [31,32] we determined whether FeCc25 mice

showed signs of neuroinflammation. Unexpectedly, we observed

a dramatic increase in the recruitment of CD45+ microglia in 12

week-old FeCc25 mice compared to wild-type mice (Fig. 5A). We

also observed an increased expression of several proinflammatory

Figure 2. FeCc25 mice show a decreased number of immature neurons in the SGZ of dentate gyrus (DG). A–B, Coronal sections from 3
mo (A) and 12 mo (B) brains of wild-type and FeCc25 mice were immunostained for the immature neuronal marker doublecortin (DCX). There is an
abundance of immature neurons in the SGZ of the granule cell layer in both the supra- and infra-pyramidal blades of the DG. Compared to the wild-
type (top) there is a significant decrease in the number of DCX+ cells in the SGZ of FeCc25 mice (bottom). C, Magnification of the boxed region in (A)
show the diminished number of DCX+ cells in FeCc25 mice at 3 mo of age with a concomitant decline in dendritic number. (D) Quantitative analysis
of the total number of DCX+ cells throughout the entire rostro-caudal extent of the hippocampus in 3-month-old (left) and 12-month-old (right)
animals reveal a statistically significant decrease in the number of DCX+ cells in the SGZ of FeCc25 mice compared to wild-type mice. Scale bar
= 100 mm. n = 4 for all.
doi:10.1371/journal.pone.0011866.g002
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cytokines raising the possibility that a proinflammatory environ-

ment in FeCc25 mice was responsible for the reduction in adult

neurogenesis. To test this hypothesis, we treated mice with

ibuprofen, a non-steroidal anti-inflammatory drug (NSAID), by

feeding animals a drug-containing diet (375 ppm) for 9 weeks

beginning at 3 weeks of age. Figure 5A shows that this regimen of

ibuprofen treatment completely blocked the recruitment and

activation of microglia in 3-month-old mice. Concomitantly, the

number of BrdU+ cells in ibuprofen-fed FeCc25 mice increased

significantly and were comparable to those seen in wild-type mice

(Fig. 5B, C). Compared to FeCc25 mice on the control diet,

ibuprofen-fed FeCc25 mice showed a 28% increase in the number

of BrdU+ cells in SGZ (p,0.05). The NSAID diet did not increase

the number of BrdU+ cells in wild-type mice (p = 0.31). We also

performed DCX immunostaining on ibuprofen-treated animals

and noticed an increase in DCX+ cells in ibuprofen-treated

FeCc25 mice (Fig. 5D). After the ibuprofen treatment, the DCX+
cells in AICD transgenic mice were morphologically indistinguish-

able from those in wild-type mice (Fig. 5E).

Since ibuprofen is also known to possess off-target effects (non-

COX2), we used another NSAID, naproxen, to see whether it was

able to block neurogenesis defects in AICD mice. Like above,

AICD mice were fed naproxen-containing diet for 9 weeks and the

brains were analyzed (Figure 6 A–D). Indeed, treatment with

naproxen also resulted in increased BrdU incorporation in the

dentate gyrus (Figure 6A) and quantification showed that the

deficits were completely rescued (Fig. 6B). Similarly, naproxen-

treated mice showed increased DCX-staining that was comparable

to that seen in wild-type mice (Figure 6C, D). Thus, these data

establish that NSAID treatment rescues the deficits in adult

neurogenesis in AICD mice by blocking neuroinflammation.

Discussion

Here we show that AICD impairs adult hippocampal

neurogenesis in an age-dependent manner. Adult neurogenesis

was normal in 6-week-old AICD transgenic mice but was reduced

at 3 months of age and the impairment continued until at least 12

months of age. This impairment was due to decreased cell

proliferation and survival and not due to altered differentiation.

The defective neurogenesis is mediated by non-cell-autonomous

mechanisms involving proinflammatory changes. The important

finding of this study is that impaired adult neurogenesis in AD is

due to neuroinflammation and the novelty is that we provide

compelling evidence that overexpression of AICD impairs adult

neurogenesis without Ab.

An increasing number of studies indicate that adult neurogen-

esis plays an essential role in normal memory function [11,33].

Inhibition of adult neurogenesis impairs certain kinds of memory,

such as spatial learning [13,16]. Since the loss of spatial memory is

a prominent neurological feature of AD, we suggest that impaired

adult neurogenesis is especially detrimental in AD. Indeed, a vast

number studies have demonstrated deficits in adult neurogenesis in

amyloid-based mouse models of AD [6–10,31,34], although a

conflicting study has also been reported [35]. In AICD mice,

impaired neurogenesis is first observed at 3 months, which

precedes memory deficits by about 4–5 months [24]. Interestingly,

impaired adult neurogenesis is also detected much before the

appearance of other AD-features in APPswe/PS1dE9 [9] and

3xTgAD [14] mouse models of AD. Thus, deficient adult

neurogenesis is a significant pathological factor in AD and our

findings suggest that therapies against AD will be more effective

when supplemented with treatments that stimulate adult neuro-

Figure 3. AICD downregulates cell survival but does not affect differentiation of newly generated hippocampal cells. A, Experimental
design to measure HPC proliferation or HPC maturation. After the last BrdU injection, mice were sacrificed after 1 day (proliferation) or 1 month
(maturation) and HPC survival was quantified as the ratio of the number of BrdU+ cells present at 4 weeks post-BrdU to the number of BrdU+ cells
present one day after the last BrdU injection. (B) FeCc25 mice (13.7, SEM 0.02) showed a significant reduction in the cell survival potential compared
to wild-type mice (18.3, SEM 0.02) (* p = 0.012, x2 test). C–D, Quantitative analysis of the number of BrdU+ cells that mature into neurons (C) and
astrocytes (D) 4 weeks after birth. Analysis reveals that AICD does not influence the proportion of surviving cells that mature into neurons (NeuN+,
wild-type = 54.8, SEM 0.04; FeCc25 = 56.6, SEM 0.1) or astrocytes (GFAP+, wild-type = 14.0, SEM 0.02; FeCc25 = 15.1, SEM 0.03). n = 3 for all.
doi:10.1371/journal.pone.0011866.g003
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Figure 4. The effect of AICD is independent of other APP metabolites including Ab. A–B, Decreased cell proliferation in FeCc25;APP2/2

mice compared to APP2/2 mice. Photomicrograph reveals a reduced number of BrdU+ cells in the SGZ of FeCc25;APP2/2 compared to APP2/2 which
is quantified in (B) throughout the entire rostro-caudal extent of hippocampus. C, There was also a decrease in the number of immature neurons
(DCX+) in the FeCc25;APP2/2 mice compared to APP2/2. Insets are magnified on the right to reveal the decreased number of DCX+ cells and the
resulting dendritic branches in comparable regions of the hippocampus. (D) Quantitative analysis of the total number of DCX+ cells throughout
the entire rostro-caudal extent of the hippocampus in 3-month-old animals reveal a statistically significant decrease in the number of DCX+ cells in
the SGZ of FeCc25; APP2/2 mice compared to APP2/2mice.* p,0.05 (Student’s T-test). n = 3 for all.
doi:10.1371/journal.pone.0011866.g004
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Figure 5. Non-steroidal anti-inflammatory drug (NSAID; ibuprofen) treatment rescued impaired adult hippocampal neurogenesis
in FeCc25 mice. A, CD-45 immunohistochemistry showed that ibuprofen treatment for 2 months (right) can decrease neuroinflammation seen in
FeCc25 mice compared to wild-type (WT) mice (left) at 3 months of age. B–C, Ibuprofen treatment rescued decreased adult hippocampal cell
proliferation in FeCc25 mice at 3 months, quantified in C. D–E, The number of immature neurons detected by doublecortin immunoreactivity was
also increased in FeCc25 mice (bottom) compared to wild-type mice (top) after ibuprofen treatment. Comparable hippocampal regions are identified
in box D and enlarged in E for wild-type (left) and FeCc25 mice (right). Error bars represent S.E.M. Scale bar = 100 mm. n = 4 for untreated wild-type
and FeCc25 mice and n = 3 and 4 for ibuprofen treated wild-type and FeCc25 mice respectively.
doi:10.1371/journal.pone.0011866.g005
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Figure 6. Naproxen treatment also rescued defective adult neurogenesis. A–B, Naproxen treatment rescued decreased adult hippocampal
cell proliferation in FeCc25 mice at 3 months, quantified in B. C–D, The number of immature neurons detected by doublecortin immunoreactivity
was also increased in FeCc25 mice (bottom) compared to wild-type mice (top) after naproxen treatment. Comparable hippocampal regions are
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genesis (such as exercise) or prevent impaired adult neurogenesis

(such as anti-inflammatory drugs). Indeed, our preliminary studies

show that NSAID treatment improves working memory deficits in

the Y-maze paradigm in older (.14 month) AICD transgenic

mice.

The finding that treatment with ibuprofen or naproxen

prevented neurogenesis defects is of relevance to AD and supports

the potential of NSAIDs as prophylactic therapeutic agents [36].

How AICD overexpression results in sustained neuroinflammation

is currently under investigation but our preliminary findings

suggest that AICD activates stress-kinase pathways and upregu-

lates expression of proinflammatory cytokines. Increased levels of

proinflammatory cytokine are reported in serum and CSF from

AD patients [37,38] and neuroinflammation is recognized as a

significant pathological event in AD [39,40]. A mutation in

presenilin that alters APP processing inhibits adult neurogenesis in

vivo by activating the microglia and elevating the cytokine levels

[31]. Proinflammatory conditions are known to downregulate

neurogenesis and blocking inflammation has been shown to

restore impaired neurogenesis [32]. At present the reasons why

proinflammatory environment impairs proliferation and survival

more potently but leaves neuronal maturation more or less intact

are not clear. Multiple studies have shown the inhibitory effects of

individual inflammatory factors (such as TNF-a, IFN-c, IL-6) on

proliferation but variable effects on maturation [reviewed in 41].

NPC proliferation is orchestrated by temporal and spatial cues and

involves expression of various transcription factors. It seems likely

that NPC proliferation is more sensitive to the gene expression

changes brought about by proinflammatory cytokines. In any case,

chronic neuroinflammation in AD is likely to impair adult

neurogenesis and aggravate the loss of hippocampal neurons.

Interestingly, retrospective epidemiological studies [36] have

shown that long-term use of NSAIDs exert a protective effect

against developing AD (although short-term prospective use of

NSAID was not protective) and this effect is proposed to be

mediated by modulation of Ab levels [42]. Since both drugs,

ibuprofen and naproxen, protected against AICD-induced defects

in adult neurogenesis, we propose that NSAIDs exert beneficial

effects independent of Ab modulation. Although our data show

that inflammation plays a pivotal role in impaired neurogenesis, it

is possible that AICD impairs neurogenesis also by stimulating

GSK-3b activity [23]. Activation of GSK-3b alters the wnt

signaling pathway and perturbs neurogenesis in mice [43,44] and

in AD patients [45].

The observation that AICD transgenic mice lacking Ab exhibit

impaired neurogenesis further strengthens the evidence that AICD

also contributes to AD pathology. Although a vast amount of data

support the pivotal role of Ab peptides in AD pathogenesis [1,2], it

has become clear that AD etiology is complex and that a single

causative agent cannot account for all of the available data

[17,18]. AICD causes apoptosis in vitro [21] and induces tau

hyperphosphorylation and aggregation, aberrant neuronal activ-

ity, memory deficit and neurodegeneration in vivo [24,25]. Because

AICD levels are also elevated in human AD brains [24], we had

hypothesized that AICD makes significant contributions to AD

pathogenesis, and the present study further supports this

hypothesis. Interestingly, a recent study showed that AICD

signaling occurs predominantly through the amyloidogenic

processing of APP [46]. This raises the possibility that the harmful

effects of amyloidogenic processing are mediated by both

increased Ab as well as elevated AICD (Fig. 6E) and may explain

the disappointing results from Ab-focused clinical trials. Future

studies are needed to assess the individual contribution of each

peptide to AD pathogenesis.

In conclusion, our study shows that AICD transgenic mice

exhibit impaired adult hippocampal neurogenesis in an Ab-

independent manner. More importantly, NSAID treatment had a

protective effect against the neurogenesis defects. Together, these

findings provide evidence for non-amyloid mechanisms that

potentially exacerbate neuronal loss in AD and suggest that

inflammation plays a much broader role in AD pathogenesis than

previously appreciated.

Methods

Ethics Statement
All experiments were approved by the Institutional Animal Care

and Use Committee of The Cleveland Clinic (Protocol Number:

08355).

Transgenic mice
Transgenic mice co-expressing the AICD-59 and Fe65 (FeCc25

line) or Fe65 alone (Fe27) in C57BL/6 background have been

described previously [23,24,47]. Both transgenes are active in the

brain under the control of the CAMKIIa promoter. For all

experiments non-transgenic littermates or C57BL/6 mice were

used as wild-type controls. APP2/2 have been described in detail

previously [48] APPPS1 and R1.40 animals have been previously

described in detail [28], [29]. To generate FeCc25/APP2/2 mice

that would express AICD59 and Fe65 on APP null background,

FeCc25 hemizygous mice were bred with APP+/2 mice to obtain

FeCc25/APP+/2 mice in the F1 generation. Subsequently,

FeCc25/APP+/2 mice were bred with APP+/2 to produce F2

FeCc25/APP2/2, FeCc25/APP2/+, APP2/2 and APP+/2 mice.

All animals were housed under standard conditions with 4–5 mice

per cage. Table 1 shows the various genotypes of mice used with

their treatments groups.

5-Bromo-2-deoxyuridine injection and tissue preparation
To avoid the effects of gender and gonadotropic hormones on

adult neurogenesis, only male mice were used throughout the

study. To determine cell proliferation, mice were injected once

daily with 5-Bromo-2-deoxyuridine (BrdU; 100 mg/kg, i.p.) for

three consecutive days. On the day following the last BrdU

injection, animals were anesthetized and transcardially perfused

with ice-cold phosphate-buffered saline (PBS) followed by PBS

containing 4% paraformaldehyde. Brain were removed and fixed

in PBS containing 4% paraformaldehyde overnight at 4uC,

cryoprotected in 30% sucrose in PBS, embedded using OCT

compound (Sakura Finetek, Torrance, CA, USA) and stored at

280uC. To determine long-term cell survival and maturation,

identified in box C and enlarged in D for wild-type (left) and FeCc25 mice (right). Error bars represent S.E.M. Scale bar = 100 mm. n = 4 for WT, FeCc25
and WT with naproxen and n = 6 for FeCc25 with naproxen. E. A schematics of how amyloidogenic processing of APP could bring about deleterious
effects via both AICD and Ab peptides. Amyloidogenic processing [1] of APP generates Ab and promotes AICD signaling [45]. Ab peptides impair
adult neurogenesis possibly by causing [2] an imbalance in GABAergic and Glutamatergic transmissions [10] whereas AICD does so by inducing [3]
neuroinflammation (this study). Multiple studies have also shown that both Ab and AICD peptide fragments cause [4] other AD-pathological
(including tau hyperphosphorylation, neuronal cell loss, silent seizures, memory deficits) features in mice (dashed arrows).
doi:10.1371/journal.pone.0011866.g006
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animals were killed 28 days after the final injection of BrdU. The

brains were processed as described above.

Immunohistochemistry
Hemi-brains were fixed overnight in 4% paraformaldehyde in

PBS, sunk in 30% sucrose and embedded in OCT. 30 mm sagittal

sections were cut and every 12th section was used. Antibodies used

were BrdU (Abcam, 1:500) and doublecortin (SantaCruz, 1:1000).

Remaining details are given in Supplemental Methods S1.

Stereological counts
The total number of BrdU+ or DCX+ cells in the subgranular

zone of the dentate gyrus was quantified using unbiased

stereological methods. BrdU+ or DCX+ cells were counted from

every sixth section using a 40X objective throughout the entire

rostro-caudal extent of the dentate gyrus (bregma 21.0 mm to

22.80 mm). Cells were counted from both halves of the brain

within the granular cell layer (GCL) and adjacent SGZ up to a

two-cell body-wide zone along the border between the GCL and

the hilus. The experimenter counting the cells was blinded to the

genotype and experimental modification of the mice. The total

number of cells was obtained by multiplying the number of BrdU+
or DCX+ cells with inter section interval and adding them

together for the entire hippocampus.

Non-steroidal anti-inflammatory drug (NSAID) diet
Ibuprofen or naproxen (both from Sigma Aldrich) was

formulated into standard animal chow by Research Diets at a

final concentration of 375 ppm. Male FeCc25 and non-transgenic

littermates were fed drug-supplemented or control chow for 9

weeks. Mice were killed at the end of the experimental period and

processed for histology or biochemical analyses. For neurogenesis

assays, animals were injected with BrdU for three consecutive days

before sacrificing as described above.

Statistics
Statistical analysis was performed using GraphPad prism 3.1.

The results are expressed as mean 6 standard errors of mean

(SEM).

Rest of the protocols is described in Supplemental Methods

(Methods S1).

Supporting Information

Methods S1 Supplemental Methods

Found at: doi:10.1371/journal.pone.0011866.s001 (0.03 MB

DOC)

Figure S1 Differentiation of newborn granular cells into neurons

and astrocytes. Mice were injected with BrdU and sacrificed one

month after the last injection. Brains were harvested and free-

floating sections were incubated with anti-BrdU antibody with

anti-NeuN antibody (A) or anti-GFAP antibody (B). Confocal

image analysis was used to score the coexpression of BrdU (green)

with the neuronal marker NeuN (A, red) or the astrocyte marker

GFAP (B, red).

Found at: doi:10.1371/journal.pone.0011866.s002 (6.99 MB TIF)

Figure S2 Decreased neurogenesis in other mouse models of

AD. A, Thioflavin-S staining of 3-month-old animals showed

increased plaque density in APPPS1 animals but a complete

absence in FeCc25 transgenic animals. B, BrdU immunostaining

on 3-month-old animals showed decreased cell proliferation in

APPPS1 mice similar to FeCc25 mice. R1.40 animals do not show

a decline and behaved similar to WT animals. C, Quantification of

BrdU counts throughout the entire hippocampus revealed a

significant decrease in cell proliferation for both FeCc25 and

APPPS1 animals compared to R1.40 and WT mice. * p,0.05

ANOVA. N = 4 for WT and FeCc25 and 3 for APPPS1 and

R1.40. Scale bar = 100 mm

Found at: doi:10.1371/journal.pone.0011866.s003 (3.53 MB TIF)

Table 1. Study Design.

Genotype Age (month) Treatment Test (marker) Animals (n)

Wild Type 1.5 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 3

3 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 4

Regular Chow Survival/Maturation (BrdU/NeuN/GFAP) 3

Ibuprofen AHP Proliferation (BrdU) Immature Neuron (DCX) 3

Naproxen AHP Proliferation (BrdU) Immature Neuron (DCX) 4

12 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 4

FeCc25 1.5 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 3

3 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 4

Regular Chow Survival/Maturation (BrdU/NeuN/GFAP) 3

Ibuprofen AHP Proliferation (BrdU) Immature Neuron (DCX) 4

Naproxen AHP Proliferation (BrdU) Immature Neuron (DCX) 6

12 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 4

Fe27 3 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 3

App2/2 3 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 3

FeCc25;App2/2 3 Regular Chow AHP Proliferation (BrdU) Immature Neuron (DCX) 3

APPPS1 3 Regular Chow AHP Proliferation (BrdU) 3

R1.40 3 Regular Chow AHP Proliferation (BrdU) 3

Age (months) represents the time when BrdU injection was carried out. All Ibuprofen and Naproxen treatments were for 9 weeks terminating at 3 months of age. n
represents number of animals.
doi:10.1371/journal.pone.0011866.t001

AICD Impairs Neurogenesis

PLoS ONE | www.plosone.org 10 July 2010 | Volume 5 | Issue 7 | e11866



Acknowledgments

We thank Dr. Chris Nelson for his helpful suggestions and Dr. Bruce Lamb

for providing us with mouse brain samples.

Author Contributions

Conceived and designed the experiments: KG SWP. Performed the

experiments: KG AS. Analyzed the data: KG. Wrote the paper: KG SWP.

References

1. Price DL, Tanzi RE, Borchelt DR, Sisodia SS (1998) Alzheimer’s disease:

genetic studies and transgenic models. Annu Rev Genet 32: 461–493.

2. Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s disease:
progress and problems on the road to therapeutics. Science 297: 353–356.

3. Terwel D, Muyllaert D, Dewachter I, Borghgraef P, Croes S, et al. (2008)
Amyloid activates GSK-3beta to aggravate neuronal tauopathy in bigenic mice.

Am J Pathol 172: 786–798.

4. Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, et al. (2008)
Amyloid-beta protein dimers isolated directly from Alzheimer’s brains impair

synaptic plasticity and memory. Nat Med 14: 837–842.
5. Palop JJ, Chin J, Roberson ED, Wang J, Thwin MT, et al. (2007) Aberrant

excitatory neuronal activity and compensatory remodeling of inhibitory

hippocampal circuits in mouse models of Alzheimer’s disease. Neuron 55:
697–711.

6. Lazarov O, Marr RA (2009) Neurogenesis and Alzheimer’s disease: At the
crossroads. Exp Neurol.

7. Haughey NJ, Nath A, Chan SL, Borchard AC, Rao MS, et al. (2002) Disruption
of neurogenesis by amyloid beta-peptide, and perturbed neural progenitor cell

homeostasis, in models of Alzheimer’s disease. J Neurochem 83: 1509–1524.

8. Rodriguez JJ, Jones VC, Tabuchi M, Allan SM, Knight EM, et al. (2008)
Impaired adult neurogenesis in the dentate gyrus of a triple transgenic mouse

model of Alzheimer’s disease. PLoS ONE 3: e2935.
9. Demars M, Hu YS, Gadadhar A, Lazarov O. Impaired neurogenesis is an early

event in the etiology of familial Alzheimer’s disease in transgenic mice. J Neurosci

Res.
10. Sun B, Halabisky B, Zhou Y, Palop JJ, Yu G, et al. (2009) Imbalance between

GABAergic and Glutamatergic Transmission Impairs Adult Neurogenesis in an
Animal Model of Alzheimer’s Disease. Cell Stem Cell 5: 624–633.

11. van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, et al. (2002)
Functional neurogenesis in the adult hippocampus. Nature 415: 1030–1034.

12. Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, et al. (2001) Neurogenesis

in the adult is involved in the formation of trace memories. Nature 410:
372–376.

13. Snyder JS, Hong NS, McDonald RJ, Wojtowicz JM (2005) A role for adult
neurogenesis in spatial long-term memory. Neuroscience 130: 843–852.

14. Wang JM, Singh C, Liu L, Irwin RW, Chen S, et al. Allopregnanolone reverses

neurogenic and cognitive deficits in mouse model of Alzheimer’s disease. Proc
Natl Acad Sci U S A 107: 6498–6503.

15. Klempin F, Kempermann G (2007) Adult hippocampal neurogenesis and aging.
Eur Arch Psychiatry Clin Neurosci 257: 271–280.

16. Zhang CL, Zou Y, He W, Gage FH, Evans RM (2008) A role for adult TLX-
positive neural stem cells in learning and behaviour. Nature 451: 1004–1007.

17. Small SA, Duff K (2008) Linking Abeta and tau in late-onset Alzheimer’s

disease: a dual pathway hypothesis. Neuron 60: 534–542.
18. Pimplikar SW (2009) Reassessing the amyloid cascade hypothesis of Alzheimer’s

disease. Int J Biochem Cell Biol 41: 1261–1268.
19. Cao X, Sudhof TC (2001) A transcriptionally [correction of transcriptively]

active complex of APP with Fe65 and histone acetyltransferase Tip60. Science

293: 115–120.
20. Gao Y, Pimplikar SW (2001) The gamma -secretase-cleaved C-terminal

fragment of amyloid precursor protein mediates signaling to the nucleus. Proc
Natl Acad Sci U S A 98: 14979–14984.

21. Passer B, Pellegrini L, Russo C, Siegel RM, Lenardo MJ, et al. (2000)
Generation of an apoptotic intracellular peptide by gamma-secretase cleavage of

Alzheimer’s amyloid beta protein precursor. J Alzheimers Dis 2: 289–301.

22. Kim HS, Kim EM, Lee JP, Park CH, Kim S, et al. (2003) C-terminal fragments
of amyloid precursor protein exert neurotoxicity by inducing glycogen synthase

kinase-3beta expression. FASEB J 17: 1951–1953.
23. Ryan KA, Pimplikar SW (2005) Activation of GSK-3 and phosphorylation of

CRMP2 in transgenic mice expressing APP intracellular domain. J Cell Biol

171: 327–335.
24. Ghosal K, Vogt DL, Liang M, Shen Y, Lamb BT, et al. (2009) Alzheimer’s

disease-like pathological features in transgenic mice expressing the APP
intracellular domain. Proc Natl Acad Sci U S A 106: 18367–18372.

25. Vogt DL, Thomas D, Galvan V, Bredesen DE, Lamb BT, et al. (2009)

Abnormal neuronal networks and seizure susceptibility in mice overexpressing

the APP intracellular domain. Neurobiol Aging.
26. Cameron HA, Gould E (1994) Adult neurogenesis is regulated by adrenal

steroids in the dentate gyrus. Neuroscience 61: 203–209.
27. Kempermann G, Gast D, Kronenberg G, Yamaguchi M, Gage FH (2003) Early

determination and long-term persistence of adult-generated new neurons in the

hippocampus of mice. Development 130: 391–399.
28. Radde R, Bolmont T, Kaeser SA, Coomaraswamy J, Lindau D, et al. (2006)

Abeta42-driven cerebral amyloidosis in transgenic mice reveals early and robust
pathology. EMBO Rep 7: 940–946.

29. Lamb BT, Bardel KA, Kulnane LS, Anderson JJ, Holtz G, et al. (1999) Amyloid

production and deposition in mutant amyloid precursor protein and presenilin-1
yeast artificial chromosome transgenic mice. Nat Neurosci 2: 695–697.

30. Abel T, Nguyen PV, Barad M, Deuel TA, Kandel ER, et al. (1997) Genetic
demonstration of a role for PKA in the late phase of LTP and in hippocampus-

based long-term memory. Cell 88: 615–626.
31. Choi SH, Veeraraghavalu K, Lazarov O, Marler S, Ransohoff RM, et al. (2008)

Non-cell-autonomous effects of presenilin 1 variants on enrichment-mediated

hippocampal progenitor cell proliferation and differentiation. Neuron 59:
568–580.

32. Monje ML, Toda H, Palmer TD (2003) Inflammatory blockade restores adult
hippocampal neurogenesis. Science 302: 1760–1765.

33. Aimone JB, Wiles J, Gage FH (2006) Potential role for adult neurogenesis in the

encoding of time in new memories. Nat Neurosci 9: 723–727.
34. Donovan MH, Yazdani U, Norris RD, Games D, German DC, et al. (2006)

Decreased adult hippocampal neurogenesis in the PDAPP mouse model of
Alzheimer’s disease. J Comp Neurol 495: 70–83.

35. Jin K, Galvan V, Xie L, Mao XO, Gorostiza OF, et al. (2004) Enhanced
neurogenesis in Alzheimer’s disease transgenic (PDGF-APPSw,Ind) mice. Proc

Natl Acad Sci U S A 101: 13363–13367.

36. in t’ Veld BA, Ruitenberg A, Hofman A, Launer LJ, van Duijn CM, et al. (2001)
Nonsteroidal antiinflammatory drugs and the risk of Alzheimer’s disease.

N Engl J Med 345: 1515–1521.
37. Ray S, Britschgi M, Herbert C, Takeda-Uchimura Y, Boxer A, et al. (2007)

Classification and prediction of clinical Alzheimer’s diagnosis based on plasma

signaling proteins. Nat Med 13: 1359–1362.
38. Lucin KM, Wyss-Coray T (2009) Immune activation in brain aging and

neurodegeneration: too much or too little? Neuron 64: 110–122.
39. Taupin P (2008) Adult neurogenesis, neuroinflammation and therapeutic

potential of adult neural stem cells. Int J Med Sci 5: 127–132.
40. Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH. Mechanisms

underlying inflammation in neurodegeneration. Cell 140: 918–934.

41. Whitney NP, Eidem TM, Peng H, Huang Y, Zheng JC. Inflammation mediates
varying effects in neurogenesis: relevance to the pathogenesis of brain injury and

neurodegenerative disorders. J Neurochem 108(6): 1343–59.
42. Weggen S, Eriksen JL, Das P, Sagi SA, Wang R, et al. (2001) A subset of

NSAIDs lower amyloidogenic Abeta42 independently of cyclooxygenase

activity. Nature 414: 212–216.
43. Kim WY, Wang X, Wu Y, Doble BW, Patel S, et al. (2009) GSK-3 is a master

regulator of neural progenitor homeostasis. Nat Neurosci 12: 1390–1397.
44. Zhao C, Deng W, Gage FH (2008) Mechanisms and functional implications of

adult neurogenesis. Cell 132: 645–660.
45. He P, Shen Y (2009) Interruption of beta-catenin signaling reduces neurogenesis

in Alzheimer’s disease. J Neurosci 29: 6545–6557.

46. Goodger ZV, Rajendran L, Trutzel A, Kohli BM, Nitsch RM, et al. (2009)
Nuclear signaling by the APP intracellular domain occurs predominantly

through the amyloidogenic processing pathway. J Cell Sci 122: 3703–3714.
47. Ghosal K, Pimplikar SW (2010) Aging and excitotoxic stress exacerbate neural

circuit reorganization in amyloid precursor protein intracellular domain

transgenic mice. Neurobiol Aging;doi:10.1016/j.neurobiolaging.2010.04.020.
48. Zheng H, Jiang M, Trumbauer ME, Sirinathsinghji DJ, Hopkins R, et al. (1995)

beta-Amyloid precursor protein-deficient mice show reactive gliosis and
decreased locomotor activity. Cell 81: 525–531.

AICD Impairs Neurogenesis

PLoS ONE | www.plosone.org 11 July 2010 | Volume 5 | Issue 7 | e11866


