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Neurons subject to degeneration in Alzheimer’s disease (AD) exhibit evidence of re-entry into a mitotic cell cycle even before the
development of substantial AD brain pathology. In efforts to identify the initiating factors underlying these cell cycle events (CCEs), we
have characterized the appearance of the neuronal CCEs in the genomic-based R1.40 transgenic mouse model of AD. Notably, R1.40 mice
exhibit neuronal CCEs in a reproducible temporal and spatial pattern that recapitulates the neuronal vulnerability seen in human AD.
Neuronal CCEs first appear at 6 months in the frontal cortex layers II/III. This is 6 – 8 months before detectable amyloid ␤ (A␤) deposition, suggesting that specific amyloid precursor protein (APP) processing products are responsible for the induction of neuronal CCEs.
Furthermore, a reduction in the levels of A␤ (achieved by shifting the genetic background from C57BL/6 to the DBA/2 mouse strain)
dramatically delays the appearance of neuronal CCEs. More significantly, elimination of ␤-secretase activity blocks the appearance of
CCEs, providing direct genetic evidence that the amyloidogenic processing of APP is required for the induction of CCEs. Finally, in vitro
preparations of oligomeric, but not monomeric, A␤ induce DNA synthesis in dissociated cortical neurons, and this response is blocked by
antioligomer specific antibodies. Together, our data suggest that low molecular weight aggregates of A␤ induce neuronal cell cycle
re-entry in mouse models of Alzheimer’s disease.
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Introduction
Accumulating evidence suggests that neuronal cell cycle re-entry
is the first step in a process that leads to the observed regional
neuronal degeneration observed in Alzheimer’s disease (AD). Expression of cell cycle proteins and DNA synthesis is observed in
neurons susceptible to death in AD (Arendt et al., 1996; Vincent
et al., 1996; Yang et al., 2001). Importantly, cell cycle proteins and
hyperploid neurons are seen at much lower levels in age-matched
controls and in neuronal populations within the AD brain in
which degeneration is not prevalent. Furthermore, immunohistochemical analysis of brain tissue from individuals with mild
cognitive impairment, believed by many to be of the clinical predecessor of AD (Petersen, 2000), reveals the presence of cell cycle
events (CCEs) in brain regions that undergo substantial degeneration in AD (Yang et al., 2003).
To better understand the pathogenesis of AD, we and others
have used mouse models that express transgenes with mutations
that cause familial early onset AD in humans (Lamb, 1995;
Received May 30, 2008; revised Aug. 4, 2008; accepted Sept. 6, 2008.
This work was supported by National Institutes of Health Grants AG026146 (S.W.P.), AG023012 (B.T.L.), and
AG024494 (K.H., B.T.L.); the Alzheimer’s Association (B.T.L.); and an anonymous foundation. We thank R. Yan
(Cleveland Clinic, Cleveland, OH) for Bace1⫺/⫺ mice; G. Xu and N. Maphis for technical support; and W. L. Kline and
M. P Lambert (Northwestern University, Evanston, IL) for providing NU1 and NU2 antibodies.
*N.H.V. and K.B. contributed equally to this work.
Correspondence should be addressed to Bruce T. Lamb, Department of Neurosciences, NC30, Lerner Research
Institute, The Cleveland Clinic, NC3-164, 9500 Euclid Avenue, Cleveland, OH 44195-0001. E-mail: lamb@ccf.org.
DOI:10.1523/JNEUROSCI.2441-08.2008
Copyright © 2008 Society for Neuroscience 0270-6474/08/2810786-08$15.00/0

Sturchler-Pierrat et al., 1997; Oddo et al., 2003). A␤ deposition is
found in transgenic mouse models of AD, but little neuronal cell
loss is encountered. Every model that has been examined, however, shows signs of ectopic neuronal CCEs (Yang et al., 2006). In
particular, the genomic-based mouse model, R1.40, expressing
the Swedish mutant form of human amyloid precursor protein
(APP), on the C57BL/6 inbred genetic background (B6-R1.40),
recapitulates neuronal cell cycle re-entry in most of the same
neuronal populations that exhibit DNA replication and degeneration in the AD brain. Because the first ectopic cell cycle alterations are observed 6 – 8 months before the onset of A␤ deposition, these data indicate that deposition is not itself the insult
necessary for neuronal cell cycle re-entry.
Recent experimental evidence has indicated that soluble aggregates of A␤, termed A␤ oligomers, may play a causative role in
AD pathogenesis. Oligomeric assemblies of A␤ have been isolated from postmortem AD brains (Gong et al., 2003) as well as
young, predepositing transgenic mouse models of AD (Lesné et
al., 2006; Oddo et al., 2006; Cheng et al., 2007). These soluble A␤
aggregates have been implicated in the rapid interference of
memory of learned behaviors (Cleary et al., 2005). A␤ oligomers
can also inhibit long-term potentiation (LTP), in nanomolar
concentrations (Walsh et al., 2002), and they exhibit potent toxic
effects capable of inducing neuronal cell death in hippocampal
slices (Lambert et al., 1998).
Because aberrant neuronal cell cycle re-entry is closely associated with sites of neuronal degeneration in human brain and
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was diluted 1:200 in 10% goat serum/PBS containing 0.1% Triton X-100 blocking buffer before use. The mouse monoclonal cyclin D antibody (ab 31450; Abcam) was raised and used as
a marker of cell cycle antigens and diluted (1:
200). The mouse monoclonal neuronal-specific
nuclear protein (NeuN) antibody (dilution,
1:500; Millipore) was used as a neuronalspecific marker.
To perform double fluorescent immunohistochemistry, sections were first rinsed in PBS
containing 0.1% Triton X-100 (PBST). Sections
were incubated for 1 h at room temperature in
10% goat serum in PBS to block nonspecific
binding. All primary antibodies were diluted in
PBST and applied overnight at 4°C. After rinsing in PBS, the slides were incubated for 2 h
with a secondary antibody, which was conjugated with various fluorescent Alexa dyes (dilution, 1:1000; Invitrogen). The sections were
then rinsed in PBS and reincubated in 10% goat
serum blocking solution for 1 h, followed by the
addition of the second primary antibody (raised
in a different species from the first primary antibody) for a second overnight incubation at
4°C. Sections were then rinsed in PBS, and the
second secondary antibody, conjugated with a
difference fluorescent dye, was applied to secFigure 1. Appearance of cell cycle proteins and DNA synthesis in frontal cortical layers II/III in B6-R1.40 mice at 6 months. A–C,
tions for 2 h at room temperature. After rinsing,
No evidence of cyclin A (A, green) immunoreactivity was apparent in NeuN-positive cells (B, red) in transgenic mice aged to 4
all sections mounted in 4⬘,6⬘-diamidino-2months (C, merge). At this age, neurons residing in frontal cortical layer II/III exhibit only 2 spots of hybridization (C, inset). D, E,
phenylindole dihydrochloride (DAPI) Hardest
Immunohistochemical profiles encountered at 6 months in B6-R1.40 animals reveal that cyclin A (D, green) is expressed in
Reagent (Vector Laboratories) under a glass
neurons (E, red). F, Overlaying the images reveals colocalization of both cyclin A and NeuN. FISH indicates that neuronal recoverslip.
expression of cyclin A is accompanied by DNA synthesis as evidenced by three or four spots of hybridization (inset). G–I, There was
Histology. Animals were prepared for histono cyclin A (G, green) found in comparable neuronal populations (H, red) in age-matched non-transgenic controls. Nuclei were
chemical analysis as described previously (Yang
counterstained with DAPI (blue) throughout. The arrows indicate examples of cell cycle-positive neurons. Scale bar, 10 m.
et al., 2006). Antibody concentrations used for
immunohistochemistry were rabbit anti-cyclin
A2 (Abcam) 1:200, mouse anti-cyclin D (Abmouse models of AD, we wanted to explore the involvement of
cam) 1:200, and mouse anti-NeuN (Millipore) 1:500. Secondary antiA␤ in the formation of neuronal CCEs. We now provide direct
bodies (Invitrogen) were used 1:1000. Tissues were mounted with DAPI
genetic evidence that the onset of neuronal cell cycle alterations is
Hardest Reagent (Vector Laboratories) under a glass coverslip. Fluoresdependent on the amyloidogenic processing of APP. In addition,
cent in situ hybridization was performed as described previously (Yang et
we provide evidence that in vitro preparations of A␤ oligomers
al., 2006) using a mouse-specific DNA probe [480C6, from the RPCI-22/
can induce CCEs in primary cortical neurons. Our results suggest
bacterial artificial chromosome (BAC) library] containing 150 kb of
that neuronal cell cycle alterations represent a valuable biomargenomic sequence from the region that encodes the endogenous Sim2
ker to determine the effectiveness of therapeutic strategies to regene located on mouse chromosome 16 (Kulnane et al., 2002).
Neuronal cell counts. For each of the genotypes, we examined five
duce or eliminate A␤ production.
animals at each age. For each animal, a total of five evenly spaced sections
Materials and Methods
containing the frontal cortex were double stained for the neuronal
marker NeuN and cyclin A or cyclin D. The area located between 2.5 mm
Mice. The R1.40 transgene is a full genomic copy of human APP (a 400 kb
and 3.4 mm anterior to the bregma was identified in each section anainsert from a yeast artificial chromosome clone) carrying the Swedish
lyzed. We scored NeuN-positive cells within cortical layers II/III or V/VI
(K670M/N671L) mutation associated with early onset familial AD. Crefor the presence or absence of the cell cycle marker. Only cells with a
ation of the R1.40 transgenic mouse strain and subsequent backcrossing
discernable portion of their nucleus in the section were scored. For each
to inbred strains has been described previously (Lamb et al., 1993, 1997;
of the five sections, the percentage of NeuN⫹ cells exhibiting immunoLehman et al., 2003b). Age- and gender-matched non-transgenic
reactivity for the cell cycle marker was tabulated, and the percentages for
C57BL/6J and DBA2/J animals served as controls in all analyses. Hothe five sections analyzed in each animal were averaged. For each age and
mozygous R1.40 animals maintained on the C57BL/6J genetic backgenotype, the percentages were then averaged over all five animals and
ground were also crossed to Bace1⫺/⫺ animals (Cai et al., 2001), also
expressed as mean ⫾ SEM. Adjacent sections that had undergone promaintained on the C57BL/6J genetic background, to generate F1 R1.40/
cessing for fluorescent in situ hybridization (FISH) were tabulated in
⫺;Bace1⫹/⫺ animals. F1 animals were intercrossed to generate animals
similar manner where neurons were scored for the presence or absence of
homozygous for the R1.40 transgene and homozygous for the Bace1
3 or 4 spots of hybridization. All counts were performed in a blinded
knock-out allele, as well as Bace1⫺/⫺ animals lacking the R1.40 transgene.
manner, and data were analyzed with the Student’s t test (GraphPad
Animals were housed at the Cleveland Clinic Biological Resources Unit,
Prism).
a facility fully accredited by the Association of Assessment and AccrediWestern blot of tissue homogenates. Analysis of the steady-state levels of
tation of Laboratory Animal Care.
holo-APP and APP C-terminal fragments (CTFs) were performed on
All procedures were approved by the Institutional Animal Care and
brain extracts from 28-d-old B6-R1.40 animals and B6-R1.40;Bace1 ⫺/⫺
Use Committee of the Cleveland Clinic.
animals). Mice were killed by cervical dislocation, and their brains were
Immunohistochemistry of tissue. The rabbit polyclonal cyclin A antiremoved, divided sagittally (after removing cerebellum), and snap frobody (ab 7956; Abcam), specific for the C-terminal domain of cyclin A2,
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zen. Tissues were homogenized in 10 volumes
of Tris-buffered saline (50 mM Tris; pH 7.4, 150
mM NaCl, 1 mM EDTA) with freshly added 1
mM PMSF and protease and phosphatase inhibitor mixture (Sigma-Aldrich). Total brain homogenates were subsequently centrifuged to remove nuclei and cell debris at 1000 g for 15 min.
These postnuclear supernatants were carefully
removed and saved in aliquots. Protein estimation was performed using Pierce BCA protein
estimation kit. Equal amounts of protein (50 g
per lane) were added to the gel. Immunoblotting was performed using Novex NuPage,
4 –12% Bis-Tris gel (Invitrogen). The blots were
incubated with antibody 0443 (Calbiochem)
against the C terminus of APP.
In vitro preparation of A␤1– 42 monomers and
A␤1– 42 oligomers. The preparation of synthetic
〈␤1– 42 monomers and A␤1– 42 oligomers followed established protocols (Stine et al., 2003).
Briefly, hexafluoro-2-propanol-treated lyophilized A␤1– 42 peptide was carefully and completely resuspended to 5 mM in anhydrous dimethyl sulfoxide (D2650; catalog number
D-2650; Sigma-Aldrich) by pipette mixing followed by brief sonication. The recombinant
A␤1– 42 peptide was diluted to 100 M in icecold cell culture medium (phenol red-free Figure 2. Expression of cell cycle proteins in frontal cortical layer V/VI in B6-R1.40 at 12 months. A–C, There was no evidence
Ham’s F12; Caisson Laboratories) immediately of cyclin D (A, green) observed in NeuN-positive cells (B, red) in 10-month-old B6-R1.40 animals (C, merge). At this age, neurons
before the treatment for monomer prepara- residing in frontal cortical layer II/III exhibit only two spots of hybridization (C, inset). D–F, Cyclin D (D, green) immunoreactivity
tions or incubated at 37°C for 24 h to obtain was encountered in neurons (E, red) in R1.40 mice aged to 12 months. Overlaying the images reveals colocalization of both cyclin
A␤1– 42 oligomer preparations. Western blot D and NeuN (F ). FISH indicates that neuronal re-expression of cyclin D is accompanied by DNA synthesis as evidenced by four spots
analysis were performed according to the stan- of hybridization (inset). G–I, No evidence of cyclin D (G, green) was observed in NeuN⫹ cells (H, red) in age-matched nondard protocols as described previously (Stine et transgenic controls. Cell nuclei were counterstained with DAPI (blue) throughout. For each age and genotype, a total of five
al., 2003) using monoclonal antibodies against animals were analyzed. Scale bar, 10 m.
A␤ oligomers (NU1 and NU2) (Lambert et al.,
2007) or human A␤ (6E10; Covance Research
blinded manner. By assigning total number of Map2-positive cells per
Products).
treatment as 100%, the percentage of the total number of Map2-positive
Primary cortical cultures and A␤1– 42 treatments. Cortical neurons from
and BrdU-positive cells were calculated and normalized and expressed as
embryonic day 16.5 C57BL/6 mouse embryos were isolated by standard
mean ⫾ SEM (n ⫽ 3). Data were analyzed using the unpaired t test
procedures as reported previously (Cicero and Herrup, 2005). All cul(GraphPad Prism).
tures were grown for a minimum of 7 d in vitro before any treatment. To
assess the effect of monomeric and oligomeric A␤1– 42 on induction of
Results
neuronal cell cycle re-entry, the A␤ monomers, A␤ oligomers, or Ham’s
We examined the levels of cell cycle proteins in brain sections of
F12 vehicle were serially diluted in new Neurobasal media containing 10
M bromodeoxyuridine (BrdU) and cells treated for 24 h. To immunonadult B6-R1.40 transgenic mice at a variety of ages by immunoeutralize the oligomers from the synthetic preparations of A␤, oligomerhistochemistry. FISH was used to detect DNA replication. Conspecific antibody NU2 antibody was added to the neuronal cultures at a
sistent with our previous studies, 6-month-old R1.40 transgenic
final concentration of 100 nM, 30 min before exposure to 100 nM of the
mice exhibited CCEs in a large population of neurons in layers
oligomeric A␤ preparations (De Felice et al., 2008). As a control, 100 nM
II/III of frontal cortex. These cells were identified by coimmunosof nonspecific mouse IgG (Sigma-Aldrich) was exposed to the cultures in
taining with the neuronal marker NeuN and cyclin A (Fig. 1 D–
an identical manner. The treatments were performed on a minimum of
F
), as well as additional cell cycle proteins including cyclin D and
three litters.
proliferating
cell nuclear antigen (data not shown). This ectopic
Immunocytochemistry of cells. For BrdU visualization on neuronal culcell cycle protein expression is accompanied by evidence of DNA
tures, cells were treated with 2N HCl for 30 min at 37°C, neutralized in
replication as indicated by three or four FISH signals within a
0.1 M sodium borate, pH 8.6, for 10 min and washed five times in PBS.
subset of these neuronal nuclei (Fig. 1 F, inset). Significantly, no
Cells were blocked with 5% normal goat serum in PBS with 0.4% Triton
X-100 for 1 h at room temperature, incubated overnight at 4°C with
evidence of cyclin A re-expression or DNA replication was obprimary antibodies (in blocking buffer), including a mouse monoclonal
served either in the brains of 4-month-old R1.40 transgenic mice
antibody against microtubule associated protein 2 (Map2; 1:1000;
(Fig. 1 A–C, inset) or in the brains of 6-month-old nonSigma-Aldrich), and a rat monoclonal antibody against BrdU (1:1000;
transgenic control mice (Fig. 1G–I, inset). Together, these data
Abcam).
indicate that the onset of the neuronal CCEs in cortical layers
After PBS washes, cells were incubated with secondary antibodies (1:
II/III in the R1.40 transgenic mice is rapid and nearly synchro1000; Invitrogen) for 1 h at room temperature. Cells were washed with
nous, as all of the animals aged to 4 months displayed no evidence
PBS and coversliped with hard-set mounting media containing DAPI
of CCEs, whereas all of the 6-month-old animals displayed a
(Vector Laboratories).
robust activation of the cell cycle. The layer II/III neurons of the
Quantification of cells positive for Map2 and BrdU. The number of cells
frontal cortex are the first population of cells that exhibit CCEs in
positive for BrdU only, Map2 only, or positive for both were quantified
by scoring five random fields per treatment per each concentration in a
the B6-R1.40 transgenic mouse model of AD.
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Though synchronous in any one neuronal cell population,
there was nonetheless a pattern to the appearance of CCEs across
different brain regions. We analyzed brain sections from B6R1.40 animals at both 10 and 12 months with both immunohistochemistry and FISH. B6-R1.40 transgenic mice aged to 12
months had nearly identical densities of neuronal CCEs in cortical layers II/III as was observed in 6 month specimens (data not
shown). In addition, in 12-month-old brains, neuronal CCEs had
progressed to include cortical layers V/VI as evidenced by coimmunostaining for NeuN and cyclin D (Fig. 2 D–F ) and cyclin A
(data not shown). As elsewhere, this was accompanied by evidence for DNA replication as assessed by FISH (Fig. 2 F, inset).
Neither 10-month-old B6-R1.40 animals (Fig. 2 A–C, inset) nor
12-month-old non-transgenic controls (Fig. 2G–I, inset) exhibited either immunocytochemical or cytogenetic (FISH) evidence
for CCEs in the same layer V/VI cells. This emphasizes the finding
that within any one cell type the appearance of CCEs is rapid and
nearly synchronous.
We performed a quantitative analysis of cyclin A immunoreactivity and FISH signals to determine whether the percentages of
neurons exhibiting CCEs in different brain regions remained
constant or increased as the transgenic animals aged (and presumably the disease progressed). We quantified CCEs in frontal
cortical layers II/III and V/VI separately, as these nerve cell populations exhibit distinct, temporal patterns of CCEs. As shown in
Figure 1, many neurons in layers II/III of the frontal cortex show
evidence of cell cycle re-entry at 6 months. Quantitative analysis
revealed that ⬃44% of the neurons (NeuN-positive cells) within
these layers are positive for cyclin A (Fig. 3A). This result was
consistent across all test markers. Thus, ⬃45% of NeuN-positive
cells within cortical layers II/III were also positive for cyclin D
(Fig. 3B). In contrast ⬍1% of the neurons exhibited evidence of
cyclin A and D expression in cortical layers V/VI at 6 months.
Age-matched non-transgenic controls had 0.5% and 1.7% of cyclin A and D immunoreactive neurons, respectively, in cortical
layers II/III (Fig. 3 A, B).
To quantify the number of cells undergoing DNA replication
within the same brains, we performed FISH and tabulated the
percentages of neurons exhibiting three or four spots of hybridization. For these experiments, we used a 150 kb BAC-carrying
genomic sequence from mouse chromosome 16 and determined
the spots of hybridization within neuronal nuclei. Our analysis
revealed that by 6 months, ⬃9% of the neurons in cortical layers
II/III had three or more spots of hybridization in the B6-R1.40
mice. Similar to the results from the cyclin A and D immunohistochemistry counts, ⬍1% of neurons exhibit three of four spots of
hybridization in non-transgenic controls at the same age (Fig. 3C).
We were surprised to find that the disease progresses with
time between regions but not within them. The percentages of
cyclin A and cyclin D immunoreactive neurons in layers II/III at
12 months remained unchanged when compared with 6 months
in the R1.40 transgenic mice. Quantitative analysis of DNA replication with FISH revealed that, similar to the data obtained via
immunohistochemistry, the number of neurons exhibiting three
or four spots of hybridization did not change between 6 and 12
months in cortical layers II/III. (Fig. 3 A, B). At 12 months, nearly
45% of neurons in layers V/VI now exhibited cyclin A or cyclin D
immunostaining compared with ⬍1% at 6 months (Fig. 3 A, B).
Non-transgenic controls, exhibited ⬍8% cyclin A and D immunoreactive neurons at the same age. (Fig. 3 A, B). Furthermore,
although 6-month-old animals exhibited ⬍1% of cells with increased FISH signal in cortical layers V/VI, this number increased
to 11% by the age of 12 months. Non-transgenic controls at this
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Figure 3. Quantification of neuronal cell cycle activity within cortical layers. Percentages of
neurons exhibiting immunoreactivity for cell cycle re-entry were tabulated in both male and
female B6-R1.40 transgenic and non-transgenic mice aged 6 –12 months. A–C, Cell cycle reentry was tabulated by scoring cyclin A (A) and cyclin D (B) immunoreactive neurons and
polyploid neurons (C) in the frontal cortex.

age exhibited ⬍1% of cells with increased FISH signal (Fig. 3C).
Together, these data suggest that within the specific neuronal
populations impacted, CCEs occur rapidly and within a large
percentage of cells that is stable over a prolonged period of time.
Our studies indicate that neuronal CCEs are first evident at 6
months in cortical layers II/III and subsequently spread into cortical layers V/VI by 12 months. Thus, cortical CCEs appear ⬃8
months before the onset of fibrillar 〈␤ deposition in the B6R1.40 model. This suggests that fibrillar A␤ deposits are not responsible for the induction of neuronal CCEs and instead implicates either unique soluble 〈␤ species or particular APP
processing products generated in the R1.40 transgenic mouse.
To further examine the APP products(s) responsible for the
induction of CCEs, we examined R1.40 mice in which the transgene had been transferred by repeated backcrossing to the
DBA/2J mouse strain. D2-R1.40 APP transgenic mice exhibit
similar expression levels of both holo-APP and APP CTFs to that
observed in B6-R1.40 mice. However, the steady state levels of
transgene-derived A␤ are substantially reduced in the D2-R1.40
mice when compared with the B6-R1.40 mice (9.7 vs 12.3 pmol/g
for A␤1– 40 and 4.0 vs 4.9 pmol/g for A␤1– 42). The result is a lack of
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A␤ deposition in the D2-R1.40 mouse
model, even as late as 24 months, whereas
B6-R1.40 mice exhibit A␤ deposition at
⬃12–14 months (Lehman et al., 2003b).
Unlike the B6-R1.40 strain, we found
no evidence for neuronal CCEs in any
brain region at either 6 (data not shown)
or 10 months (Fig. 4 A–C) in the D2-R1.40
mouse strain. By 12 months, however, D2R1.40 transgenic mice develop neuronal
CCEs in cortical layers II/III but not cortical layers V/VI as evidenced by immunohistochemistry for cyclin A (Fig. 4 D–F )
and cyclin D as well as FISH (data not
shown). As in the C57BL/6 strain, nontransgenic controls at the same ages did
not exhibit any evidence of neuronal CCEs
(Fig. 4G–I ). Thus, even APP transgenic
mouse models that do not develop fibrillar
A␤ deposits across their entire lifespan still
develop neuronal CCEs in an anatomically
appropriate manner. These studies demonstrate that genetic reduction in steady
state levels of 〈␤ delays the appearance of
neuronal CCEs in all brain regions in the
Figure 4. Neuronal expression of cell cycle protein is delayed in D2-R1.40 animals. A–C, No evidence of cyclin A (green)
D2-R1.40 mouse model.
The delay in neuronal CCEs in the D2- immunoreactivity was apparent in NeuN-positive cells (red) in transgenic mice aged to 10 months. D–F, Cyclin A (D, green) was
R1.40 mice implicates 〈␤ as the causative expressed in neurons (E, red) in 12-month-old D2-R1.40 animals. Overlaying the images reveals colocalization of both cyclin D and
factor in the induction of CCEs. To specif- NeuN (F ). G–I, There was no cyclin A found in comparable neuronal populations in age-matched non-transgenic control. Nuclei
were counterstained with DAPI (blue throughout). The arrows indicate examples of cell cycle-positive neurons. Scale bar, 10 m.
ically test whether 〈␤ generation was necessary for the onset of CCEs, we generated
ducing neuronal CCEs, we treated primary cortical neurons with
B6-R1.40 animals that were also homozygous for a null allele in
varying concentrations of either monomeric or oligomeric prepthe ␤-secretase 1 (Bace1) gene. B6-R1.40 transgenic mice mainarations of A␤ as well as vehicle in the presence of BrdU for 24 h.
⫺/⫺
tained on a Bace1
background fail to exhibit evidence of CTF␤
The
cultures were then fixed and coimmunostained with antior 〈␤ production (Cai et al., 2001; Luo et al., 2001; Roberds et al.,
bodies
to Map2 and BrdU. Exposure of neurons to increasing
2001), with corresponding increases in CTF␣ and full-length APP
concentrations
of oligomeric A␤ led Map2-immunoreactive
(Fig. 5A) and no significant changes in the levels of the APP
neurons
(green)
to enter a cell cycle and incorporate BrdU (Fig.
intracellular domain.
6G–I, red). In contrast, Map2-positive neurons do not incorpoAlthough B6-R1.40 mice exhibit neuronal CCEs in cortical
rate BrdU when exposed to monomeric A␤ (Fig. 6 D–F ) or vehilayers II/II at 6 months (Fig. 5 B, D,F ), age-matched Bace1⫺/⫺
⫺/⫺
cle
(Fig. 6 A–C). We observed a basal level (5.7 ⫾ 1%) of Map2(data not shown) and B6-R1.40;Bace1
animals exhibit no evpositive
cells displaying BrdU incorporation in vehicle-treated
idence of neuronal CCEs in any brain region, including neurons
groups (Fig. 6 J, K ). During treatment with different concentraresiding in the frontal cortical layers II/III (Fig. 5C, E, G). Totions of A␤ monomers, there was no statistically significant altergether with the delay in neuronal CCEs observed in the D2-R1.40
ation
in the percentage of BrdU-positive cells (Fig. 6 J). However,
mice, these results suggest that the production of the A␤ peptide
upon
exposure of neurons to the A␤ oligomeric preparations, we
itself, or a soluble A␤ aggregate, is responsible for the induction of
observed a two- to five-fold increase in the number of BrdUneuronal CCEs.
positive neurons compared with the vehicle control (Fig. 6 K).
To further test this hypothesis, we examined whether synImportantly, the effect of A␤ oligomers was observed at concenthetic preparations of monomeric or oligomeric 〈␤ were suffitrations as low as 50 nM, which resulted in a two-fold increase (5
cient to drive primary cortical neurons in culture into an aberrant
vs 10%) in the Map2-positive neurons that displayed BrdU
cell cycle. Human A␤1– 42 peptides were treated by established
incorporation.
protocols to generate both monomeric and oligomeric A␤ (Stine
Finally, to demonstrate that the effect of the synthetic A␤
et al., 2003). Western blot analysis with antibody 6E10 revealed
oligomer
preparations was attributable to the presence of specific
the predominance of 〈␤ monomers and low molecular weight
oligomeric A␤ assemblies, we performed the same neuronal cell
oligomers (trimers and tetramers) in the monomeric preparaculture experiments in the presence of the NU2 monoclonal antions, whereas the oligomeric preparations also contained A␤
tibody, which was previously demonstrated to bind to A␤ olimonomers and low molecular weight oligomers in addition to
gomers and inhibit other downstream consequences of A␤ olihigher molecular weight oligomers ranging in size from 25 to 98
gomer exposure to neurons (Lambert et al., 2007). Preincubation
kDa (supplemental Fig. 1, available at www.jneurosci.org as supof the NU2 antibody with the 100 nM preparations of A␤ oliplemental material). The higher molecular weight oligomers
gomers resulted in five-fold reduction in the percentage of Map2were also recognized by oligomer-specific antibodies NU1 and
positive cells incorporating BrdU, whereas preincubation with a
NU2 (data not shown).
nonspecific mouse Ig had no discernible effect (Fig. 6 L). In sumTo determine whether soluble A␤ species are capable of in-
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Figure 5. B6-R1.40;Bace1⫺/⫺ animals do not display neuronal cell cycle re-entry at 6
months in frontal cortical layer II/III. A, Whole brain protein extracts were prepared from B6R1.40 and B6-R1.40;Bace1⫺/⫺ animals. Western blotting was performed using a C-terminal
antibody. B, D, Cyclin A (green; B) is expressed in neurons (red; D) in 6-month-old B6-R1.40
animals. Overlaying the images reveals colocalization of both cyclin A and NeuN (F ). E, Neurons
(red; E) in 6-month-old B6-R1.40;Bace1⫺/⫺ animals do not exhibit re-expression of cyclin A
(green; C). Nuclei were counterstained with DAPI (blue throughout). The arrows indicate examples of cell cycle-positive neurons. Scale bar, 10 m.

mary, our in vitro data demonstrate that A␤ oligomers are sufficient to induce cell cycle re-entry in neurons.

Discussion
The findings presented here offer substantial insights into the
onset and progression of cell cycle events in postmitotic neurons
in the R1.40 mouse model of AD and by extension into the disease
pathogenesis underlying AD. In human AD, neuronal CCEs are
observed in neurons subject to neurodegeneration in patients
early in the disease process as indicated by their presence in patients with mild cognitive impairment, coupled with their virtual
absence in nondemented individuals and in brain regions where
there is no neuronal cell loss (Busser et al., 1998; Yang et al., 2001,
2003). These and other data argue that neuronal CCEs represent
an early marker of neuronal distress and disease pathogenesis.
This is consistent with other evidence suggesting the re-entrance
of neurons into the cell cycle is associated with neurodegeneration (al-Ubaidi et al., 1992; Klein et al., 2002; Kuan et al., 2004).
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We have taken advantage of our ability to do longitudinal studies
in a genetically reproducible system by quantifying the CCEs in
the R1.40 brain at multiple ages as well as genetic and biochemical
perturbations designed to identify the mechanism behind the
initiation of the CCEs.
Our data document that CCEs do not develop within all
disease-relevant neuronal populations at once. Rather, specific
neuronal populations initiate CCEs during a relatively short period of time (i.e., 2 months or less) but in a precise sequence.
Once initiated, these events are subsequently stable for at least 6
months within the same neuronal populations. For example,
CCEs appear within a relatively large percentage of the neurons in
frontal cortex layers II/III at 6 months, and we previously reported that neuronal CCEs are observed within two subcortical
populations, the locus ceruleus and dorsal raphe, by 8 months
(Yang et al., 2006). This is followed by the induction of CCEs in
neurons of frontal cortical layers V/VI at 12 months. Between 6
and 12 months, however, CCEs remains constant in layers II/III.
This bears striking but unexpected analogy to the findings in the
Atm⫺/⫺ (Yang and Herrup, 2005) and E2f1⫺/⫺ (Wang et al.,
2007) mouse brain. In both mutants, CCEs also appear synchronously. Closely spaced time points suggest the transition from
normal to CCE-positive takes approximately a week. Our qualitative impression is that in the R1.40 event is more spread out, but
we could imagine that the process is equally rapid in this AD
model. The nature of the signal that triggers this transition thus
becomes a question of utmost importance.
Neuronal CCEs are first observed ⬃6 to 8 months before
fibrillar A␤ deposition in the R1.40 transgenic mouse model of
AD. In addition, neuronal CCEs are also observed in the locus
ceruleus and dorsal raphe at 8 months in the R1.40 mice, two
brain regions in which no A␤ deposition is observed even at late
ages. Interestingly, the locus ceruleus and dorsal raphe exhibit
evidence of CCEs and are subject to substantial degeneration
within the AD brain, although there is limited AD-like pathology
in these subcortical brain regions (Braak and Braak, 1997). Together, these results suggest that (1) the CCEs present in the R1.40
mouse model of AD provide an accurate read of the neuronal
vulnerability observed in human AD that is likely reflective of the
precise temporal regulation of the mutant human APP transgene
and (2) that fibrillar A␤ is unlikely to be the triggering event
responsible for neuronal CCEs. In addition, given that neuronal
CCEs are not observed in age-matched, non-transgenic mice, this
suggests that accumulation of either APP or its breakdown products (e.g., A␤) is likely responsible for the induction of CCEs. This
present study provides evidence that oligomeric A␤ species are
both necessary and sufficient for the induction of neuronal CCEs.
Genetic experiments using D2-R1.40 transgenic mice demonstrated that a reduction in steady state levels of A␤, without significant alterations in holo-APP or APP CTFs, results in a 6
month delay in neuronal CCEs. When compared with B6-R1.40
animals, D2-R1.40 animals exhibit lower levels of A␤1– 40 and
A␤1– 42 and do not develop A␤ deposits throughout the lifetime
of the animal. The biochemical differences are apparent as early
as 28 d suggesting that altered APP processing and A␤ metabolism in young animals may have implications for later development of AD-like neuropathologies. Interestingly, CCEs first appear at 12 months in the D2-R1.40 mice in cortical layers II/III,
suggesting that although delayed, the anatomical pattern and
temporal progression of the CCEs is maintained. To more directly implicate A␤ production in the induction of neuronal
CCEs, we examined B6-R1.40 mice lacking the primary
␤-secretase, Bace1. In B6-R1.40;Bace1⫺/⫺ mice neuronal CCEs
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were completely blocked at 6 months, directly implicating the amyloidogenic processing of APP in the induction of CCEs.
Together, this genetic data directly implicates the production of A␤ or its derivatives in initiating neuronal CCEs.
To determine the role of soluble A␤
species on the induction of neuronal
CCEs, we performed in vitro studies on
primary cortical neurons. Significantly,
primary cortical neurons exposed to in
vitro preparations of 〈␤ ligomers, but
not monomers, resulted in substantial incorporation of BrdU. The concentrations
of 〈␤ oligomers sufficient to induce CCEs
(50 –1000 nM) were similar to other studies examining the neurotoxicity of oligomers that are capable of inhibiting LTP
in vivo (Walsh et al., 2002) and in hippocampal slices (Wang et al., 2002) decrease spine density (Lacor et al., 2007)
and impair memory in animal models of
AD independently of A␤ deposition and
neuronal cell loss (Lesné et al., 2006). In
addition, although previous studies from
our group implicated A␤ fibrils in neuronal cell cycle alterations, this was observed
at concentrations of 1 M (〈␤25–35) after
incubation for upward of 72 h (instead of
24 h in the present study) (Wu et al., 2000).
The studies leave unanswered the question of why discrete neuronal populations
are impacted differently with age in the
R1.40 mouse model and in AD. This could
be attributable to (1) altered production of Figure 6. A␤ oligomers induce neuronal BrdU incorporation in cortical neurons in vitro. A–I, Cultured cortical neurons were
〈␤ within specific brains regions, (2) al- treated with Ham’s F12 vehicle (Veh) (A–C), 1000 nm of A␤1– 42 monomer-rich preparations (D–F ), or 1000 nm A␤1– 42
tered generation of specific A␤ oligomers oligomer-rich preparations (G–I ) in the presence of BrdU for 24 h. Cells were fixed and coimmunostained with antibodies against
within these neuronal populations and/or Map2 (A, D, G) and BrdU (B, E, H ), demonstrating the induction of BrdU incorporation in Map2-positive cells in the oligomer-rich
(3) age-related alterations in neuronal se- preparations but not the monomer-rich or vehicle control (C, F, I, merged images). Scale bars, 10 m. G–I, Insets, Higher
lectivity to these insults. Previous data magnification of the BrdU-positive, Map2-positive cell in the oligomer-rich treatment group. J, K, Quantification of the percentfrom our laboratory demonstrated that to- age of BrdU-positive/Map2-positive cells in A␤ monomer-rich and oligomer-rich preparations. Cortical neurons were exposed to
tal levels of brain 〈␤ remain unchanged at either vehicle or increasing concentrations (50 –1000 nm) of either monomer-rich (J ) or oligomer-rich (K ) preparations for 24 h.
Treatment with oligomer-rich preparations at concentrations ⬎100 nM resulted in a statistically significant increase in the
the ages examined for neuronal CCEs in percentage of BrdU-positive cells ( p ⫽ 0.0001). L, Immunoneutralization of A␤ oligomers with the addition of the A␤ oligomerboth the B6-R1.40 and D2-R1.40 mouse specific antibody NU2 (100 nM) resulted in a five-fold reduction in BrdU incorporation (n ⫽ 3; p ⫽ 0.0325) in the neuronal cultures
models and that the highest steady state exposed to 100 nM of A␤ oligomer-rich preparations, to levels similar to the vehicle control (the same 100 nM control was used for
levels of A␤ are in the cerebellum, hip- experiments in K and L). At the same concentration, addition of nonspecific mouse IgG did not have a statistically significant effect
pocampus, and olfactory bulb (Lehman et on BrdU incorporation (L).
al., 2003a). In addition, cell cycle events are
not encountered within the purkinje and
cium dysregulation (Nimmrich et al., 2008). In addition, it will be
granule cells in the cerebellum as late as 22 months in B6-R1.40
critical to determine whether neuronal CCEs represent an upanimals (Yang et al., 2006). Together, these data suggest that the
stream or downstream consequence of A␤ oligomer exposure.
occurrence of neuronal CCEs is unlikely to be attributable to
Finally, the identification and characterization of additional biosimply higher levels of A␤ peptides, per se. Nevertheless, these
chemical, morphological, and physiological alterations will be
studies clearly implicate the production of A␤ in the induction of
required at the ages when neuronal CCEs first become evident in
neuronal CCEs and demonstrate that A␤ oligomers are capable
vivo.
of inducing CCEs, a finding that suggests CCEs represent an early
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pathways thus far identified underlying A␤ oligomer-based neuArendt T, Rödel L, Gärtner U, Holzer M (1996) Expression of the cyclinrotoxicity, such as interactions with NMDA receptors (De Felice
dependent kinase inhibitor p16 in Alzheimer’s disease. Neuroreport
7:3047–3049.
et al., 2007), insulin signaling (Zhao et al., 2008), as well as cal-

Varvel et al. • A␤ and Cell Cycle in AD Mouse Model
Braak H, Braak E (1997) Frequency of stages of Alzheimer-related lesions in
different age categories. Neurobiol Aging 18:351–357.
Busser J, Geldmacher DS, Herrup K (1998) Ectopic cell cycle proteins predict the sites of neuronal cell death in Alzheimer’s disease brain. J Neurosci 18:2801–2807.
Cai H, Wang Y, McCarthy D, Wen H, Borchelt DR, Price DL, Wong PC
(2001) BACE1 is the major beta-secretase for generation of Abeta peptides by neurons. Nat Neurosci 4:233–234.
Cheng IH, Scearce-Levie K, Legleiter J, Palop JJ, Gerstein H, Bien-Ly N,
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