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Abstract. Current views associate the reappearance of cell cycle markers with

early events in Alzheimer’s disease. Even though, the cell cycle was

implicated early in the study of this disease, only recently has it been

associated with selective early vulnerability of neurons. The pathological

hallmarks of Alzheimer’s disease namely tau and amyloid have been

associated with having effects on or being affected by cell cycle progression.

Indeed the mitogenic component looms large early in the onset of

Alzheimer’s disease. Although quite a number of markers of reentry have

been catalogued, the common denominator is abortosis, the unalterable march

towards neuronal dysfunction, stasis and eventually death. We feel that

complete understanding of the mechanisms, acting either positively by

stimulation or through removal of inhibitory signals will provide promising

molecular targets for pharmacological interventions which have been static

for a number of years by being relegated to inhibition of the enzyme

cholinesterase. In our opinion, investigating more proximal mechanisms will

provide answers to changing the natural course of this illness.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive insidious

dementia that continues to severe debility and finally

ends with death. It affects up to 15% of people over the

age of 65 and nearly half of all individuals by the age of

85 (Smith 1998). There is selective loss of cortical neu-

rons within the hippocampus, temporal and frontal

lobes. Depending upon the symptoms, onset and re-

gional histopathology many variants of AD have been

catalogued thus far. However, the resolution of early

mechanisms will have to await a better understanding of

the neuronal environment that allows for re-entry into

the cell cycle.

The two lesions that form the sine qua non of Alzhei-

mer’s disease are the neurofibrillary tangle (NFT) and

the senile plaque whose distribution is parallel and is

present with neuronal loss (Smith 1998). Given that oc-

currence of these two phenomena are distal as compared

to oxidative stress and cell cycle events, we believe that

they are are both secondary to an underlying primary

event in AD. Hence, the pathology represents succes-

sive neuronal compensations. Of course we do not know

which of these compensations marks irreversibility in

the disease process.

Periodically we see new markers of cell cycle entry

being associated with either neuronal pathology present

in AD or present in neurons that are vulnerable to

changes that lead to AD such as p27 and histone H3

(Ogawa et al. 2003a,b). This accumulating evidence

helps cement the early and possibly irreversible fate of

these vulnerable neurons. It is fascinating that neurons

that have been in a phase called G0 for nearly 50 to 60

years make compensations that includes among others,

an attempted reentry into the cell cycle. This ectopic cell

cycle activation is also seen in mitotically active cells

such as those seen during neoplastic transformation and

neurogenesis (Smith 1998). The mechanisms of cell cy-

cle activation probably do differ at many levels between

the above three, but in AD this reentry is incomplete and

results in stasis, dysfunction and death, a process that we

term abortosis (Raina et al. 2000b).

In AD there in addition to the activation of a number

of markers that signal cell growth prior to mitosis in-

cluding surge in mitochondrial activity, activation of

cyclin dependent kinases and signal transduction cas-

cades that lead to tau phosphorylation (Raina et al.

1999a, Zhu et al. 1999). The conclusion is that the sus-

ceptible neurons in AD have proceeded to the G1 phase.

AD PROTEINS ARE ASSOCIATED
WITH THE CELL CYCLE

The pathological proteins that are seen in AD along

with genetic factors are sensitive to changes in the cell

cycle. These include the tau protein, �-protein precursor

(�PP) and presenilins. All of these proteins that are asso-

ciated with increased susceptibility to AD are sensitive

to changes in the cell cycle. We will begin with a general

introduction to the association of cell cycle with AD.

CYCLING IN ALZHEIMER’S
DISEASE

The phenotype of vulnerable primary neurons in AD

suggests cycling, rather than being terminally differen-

tiated (Arendt et al. 1995, 1996, 1998, Gerst et al. 2000,

Harris et al. 2000, McShea et al. 1997, 1999a,b, Nagy et

al. 1997a,b, Smith and Lippa 1995, Vincent et al. 1996,

1997, Zhu et al. 2000a,b). Exit from senescence is seen

by the presence of positive modulators of the cell divi-

sion cycle such as CDK4 and CDK2 (Arendt et al. 1996,

McShea et al. 1997). We believe that this is an early fea-

ture of the disease and is minimally coincident with oxi-

dative stress which is the earliest feature of the disease to

date (Pogocki 2003, Smith 1998). To date, there is no

evidence that a nuclear division has been completed in

these vulnerable neurons although there is circumstan-

tial evidence of increased DNA, in certain vulnerable

neuronal populations (Yang et al. 2003). However, the

significance and interpretation of these data needs further

investigation since it may in fact represent a completely

separate phenomenon (unpublished observation). Addi-

tionally to confuse the picture further, proteins associ-

ated with putting the brakes on the cell cycle such as

p16, are upregulated (McShea et al. 1997). What seems

to be plausible given this scenario is that these termi-

nally differentiated neurons in the adult CNS are inher-

ently restricted in their ability to divide. Hence, even

though these neurons enter the cell cycle they do not go

beyond G 1 and stop short of actual division. Therefore,

the neuron is arrested in an "intermediate state" of the

cell cycle. However, we think that in fact there may be

loss of the normal synchrony that is seen in the cell cy-

cle. Normally during the cell cycle the subsequent phase

does not begin until the prior phase has completed

(Bowser and Smith 2002). This will account for markers

being present from the different phases of the cell cycle

without the presence of cell division or even 4n DNA.
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The end result is neuronal dysfunction and neuronal loss

a phenomenon we term abortosis (Fig. 1).

BOTH AD AND MITOTICALLY
ACTIVE CELLS SHARE
HYPERPHOSPHORYLATED TAU

The hyperphosphorylated form of the microtubule

associated protein called tau (�) forms the core of NFTs

the central intracellular pathological protein seen in AD

(Grundke-Iqbal et al. 1986, Iqbal et al. 1984). Thus at

this amount of hyperphosphorylation tau cannot partici-

pate in microtubular dynamics in the neuron. This in-

ability to participate in the stability of microtubules leads

to neuronal dysfunction (Alonso et al. 1996, Lindwall and

Cole 1984). Physiological hyperphosphorylation of �

driven by cyclin-dependent kinases (CDKs) occurs

when cells are mitotically active (Brion et al. 1985,

1994, Goedert et al. 1993, Kanemaru et al. 1992, Pope et

al. 1994). Thus, it shouldn’t be a surprise that we find

CDKs localized to the intraneuronal compartment in

AD. This in vivo finding is further supported by in vitro

assays which show that CDKs can also phosphorylate �

similarly (Arendt et al. 1995, 1996, Nagy et al. 1997a,b

Vincent et al. 1996). Since increased phosphorylation

and altered microtubule stability are seen during progres-

sion through the cell cycle, predictably microtubular ab-

normalities are also seen in AD (Terry et al. 1964).

CDKs are highly sensitive to regulation by growth fac-

tors (Raina et al. 2000a). The reactivation of these

mitogenic kinases in the AD neuron means that at the

least, there is resensitization to the growth factors in the

neuronal environment which was not present before

(Raina et al. 2000b).

AMYLOID-�, A MITOGENIC FACTOR

At the center of the senile plaque is amyloid-�, a 4.2

kDa polypeptide, the subtractive product of a precursor

called �PP, who’s gene is encoded on chromosome 21

(Smith 1998). Familial AD is linked to mutations in the

�PP gene. What is interesting is that �PP is upregulated

secondary to mitogenic stimulation (Ledoux et al.

1993). Furthermore, cell cycle-dependent changes reg-

ulate �PP metabolism (Suzuki et al. 1994). This is inter-

esting given the role of amyloid and reentry in AD. Also

since amyloid-� is mitogenic in vitro it can induce and

indeed maintain cell cycle events in AD (Pyo et al. 1998,

McDonald et al. 1998). Amyloid-� mediates cell death,

in vitro. This cell death is dependent on the presence of

various cell cycle-related elements (Giovanni et al.

1999). Therefore the activation of cell cycle machinery

in vivo in the neuron could also similarly mediate its

toxic effects.

PRESENILINS AND MITOSIS AND AD

The mutations of human presenilin genes PSEN1 and

PSEN2 are linked to early onset AD. They are localized

to chromosomes 14 and 1 (Smith 1998). Although the

Abortosis in Alzheimer’s disease
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Fig. 1. In Alzheimer’s disease the vulnerable neuron enters the cell cycle and then is unable to progress through it with loss of

the synchronous nature of the cycle and concomitant dysfunction and neuronal loss. This phenomenon we term abortosis.

Cell cycle in Alzheimer’s disease 109



function of human presenilins is not fully understood to

date, their homologues are involved in Notch process-

ing and signaling. These two proteins have redundant

roles in cell fate determination (Struhl and Greenwald

1999, Wong et al. 1997, Ye et al. 1999). Additionally,

presenilins interact with centrosomes and kinetochores,

thus giving them a significant role during chromosomal

segregation and mitosis (Li et al. 1997). Presenilin

overexpression leads to G1 arrest and this overexpression

is potentiated by the PS2 (N141I) mutation (Janicki and

Monteiro 1999).

Presenilin overexpression in the environment of the

adult neuron leads to oxidative stress, loss of calcium

balance and also to greater vulnerability to apoptosis

(Mattson et al. 1998). Indeed, AD-linked presenilins

show greater apoptotic effects (Janicki and Monteiro

1997, Wolozin et al. 1996). In our view, neurons that are

vulnerable to AD have exited from G0 and entered G1

but are blocked from progressing into S phase at the G1

/S boundary by the presenilin (and possibly �PP) muta-

tions. This G1 block would accumulate cell cycle regu-

latory proteins and produce the stasis as we see in AD.

Hence these mutations yield a contracted time course of

the basic pathophysiology in AD. Also the presenilin

and �PP mutations may lead to the upregulation of

cyclin-dependent kinases (CDKs), which can have dual

roles in both cell cycle regulation as well as in death sig-

naling (Giovanni et al. 1999, Park et al. 1998). Indeed,

the role of the cell cycle braking proteins such as p16, p19

and p21 that also accumulate in AD can act to blunt possi-

ble apoptotic stimulation in early AD (Park et al. 1998).

OXIDATIVE STRESS IS CELL
CYCLE REGULATED

The role of oxidative stress and free radicals in the

pathogenesis of AD is well known (Markesbery 1997,

Perry et al. 1998, Smith et al. 1995). Free radicals,

free-radical generators and antioxidants function do

also control the state of the cell cycle (Curcio and

Ceriello 1992, Ferrari et al. 1995, Irani et al. 1997). It is

not really a surprise that this is so, given that redox con-

ditions were a crucial factor in cellular decision making

early in evolutionary history. The accumulation of p53

secondary to oxidative stress inhibits the cell cycle at G1

(Stewart 1994, Sugano et al. 1995). The mitochondria

are potent sources of free radicals and redox dysfunc-

tion (Sousa et al. 1997). Also, mitochondrial prolifera-

tion is most evident during late S, G2 and mitotic phases

(Barni et al. 1996). Increases in mitochondria number of

are found in the same neurons that show cell cycle re-

lated abnormalities and undergo subsequent oxidative

damage and cell death in AD (Hirai et al. 1998). Thus,

cell cycle arrest, at a point when the mitochondrial mass

is highest, poses an elevated, chronic, oxidative insult to

the cell and quite possibly beyond the capabilities of the

cell to abolish.

CONCLUSIONS

The state of the cell cycle in any given environment

has unique spatial and temporal control mechanisms.

This is very important when cells are terminally differ-

entiated. This terminal differentiation is associated with

an attenuation of sensitivity to growth signals, thus ef-

fectively following an internal program. The degree of

mitotic competence within these neurons is probably

vestigial (Raina et al. 1999b). Now in the face of loss of

this attenuated sensitivity to extrinsic signals, i.e.,

neurotrophic factors, these vulnerable neurons attempt

to re-enter into the cell division cycle. This reactivation

of the cell cycle does not progress to completion but

leads to stasis, dysfunction and cell loss. This phenome-

non we term abortosis. With markers from various

phases of the cell cycle present in these vulnerable neu-

rons, it is our belief that the synchronous nature of the

cell cycle must be undermined in AD. That is the onset

of the subsequent phase only after the completion of the

prior phase of the cycle has been lost in AD. It is inter-

esting that successful dysregulation of the cell division

cycle along with an overriding of apoptosis is also seen

as the main feature of oncogenic transformation and

both features are seen also in AD (reviewed in Raina et

al. 2000b). Modulation of one or multiple targets aimed

at restoring the previous state of differentiation may in

fact alter the natural course of this disease.

REFERENCES

Alonso AC, Grundke-Iqbal I, Iqbal K (1996) Alzheimer’s

disease hyperphosphorylated tau sequesters normal tau

into tangles of filaments and disassembles microtubules.

Nat Med 2: 783-787.

Arendt T, Holzer M, Grossmann A, Zedlick D, Bruckner MK

(1995) Increased expression and subcellular translocation

of the mitogen activated protein kinase kinase and

mitogen-activated protein kinase in Alzheimer’s disease.

Neuroscience 68: 5-18.

110 A.K. Raina et al.



Arendt T, Rodel L, Gartner U, Holzer M (1996) Expression of

the cyclin-dependent kinase inhibitor p16 in Alzheimer’s

disease. Neuroreport 7: 3047-3049.

Arendt T, Holzer M, Gartner U (1998) Neuronal expres-

sion of cycline dependent kinase inhibitors of the INK4

family in Alzheimer’s disease. J Neural Transm 105:

949-960.

Barni S, Sciola L, Spano A, Pippia P (1996) Static

cytofluorometry and fluorescence morphology of mito-

chondria and DNA in proliferating fibroblasts. Biotech

Histochem 71:66-70.

Bowser R, Smith MA (2002) Cell cycle proteins in Alzhei-

mer’s disease: plenty of wheels but no cycle. J Alzheimers

Dis 4: 249-54

Brion JP, Passarier H, Nunez J, Flament-Durand J (1985) Im-

munologic determinants of tau protein are present in

neurofibrillary tangles of Alzheimer’s disease. Arch Biol

95: 229-235.

Brion JP, Octave JN, Couck AM (1994) Distribution of the

phosphorylated microtubule-associated protein tau in de-

veloping cortical neurons. Neuroscience 63: 895-909.

Curcio F, Ceriello A (1992) Decreased cultured endothelial

cell proliferation in high glucose medium is reversed by

antioxidants: new insights on the pathophysiological

mechanisms of diabetic vascular complications. In Vitro

Cell Dev Biol 28A:787-790.

Ferrari G, Yan CY, Greene LA (1995) N-acetylcysteine (D-

and L-stereoisomers) prevents apoptotic death of neuronal

cells. J Neurosci 15: 2857-2866.

Gerst JL, Raina AK, Pirim I, McShea A, Harris PLR, Siedlak

SL, Takeda A, Petersen RB, Smith MA (2000) Altered

cell-matrix associated ADAM in Alzheimer disease. J

Neurosci Res. 59: 680-684.

Giovanni A, Wirtz-Brugger F, Keramaras E, Slack R, Park

DS (1999) Involvement of cell cycle elements, cyclin-de-

pendent kinases, pRb, and E2F x DP, in �-amyloid-in-

duced neuronal death. J Biol Chem 274: 19011-19016.

Goedert M, Jakes R, Crowther RA, Six J, Lubke U,

Vandermeeren M, Cras P, Trojanowski JQ, Lee VMY

(1993) The abnormal phosphorylation of tau protein at

Ser-202 in Alzheimer disease recapitulates phosphorylation

during development. Proc Natl Acad Sci U S A 90:

5066-5070.

Grundke-Iqbal I, Iqbal K, Tung YC, Quinlan M, Wisniewski

HM, Binder LI (1986) Abnormal phosphorylation of the

microtubule-associated protein tau (�) in Alzheimer

cytoskeletal pathology. Proc Natl Acad Sci U S A 83:

4913-4917.

Harris PL, Zhu X, Pamies C, Rottkamp CA, Ghanbari HA,

McShea A, Feng Y, Ferris DK, Smith MA (2000)

Neuronal polo-like kinase in Alzheimer disease indicates

cell cycle changes. Neurobiol Aging 21: 837-841

Hirai K, Smith MA, Wade R, Perry G (1998) Vulnerable neu-

rons in Alzheimer disease accumulate mitochondrial DNA

with the common 5kb deletion. J Neuropathol Exp Neurol

57: 511.

Iqbal K, Zaidi T, Thompson CH, Merz PA, Wisniewski HM

(1984) Alzheimer paired helical filaments: bulk isolation,

solubility, and protein composition. Acta Neuropathol 62:

167-177.

Irani K, Xia Y, Zweier JL, Sollott SJ, Der CJ, Fearon ER,

Sundaresan M, Finkel T, Goldschmidt-Clermont PJ

(1997) Mitogenic signaling mediated by oxidants in

Ras-transformed fibroblasts. Science 275: 1649-1652.

Janicki S, Monteiro MJ (1997) Increased apoptosis arising

from increased expression of the Alzheimer’s disease-as-

sociated presenilin-2 mutation (N141I). J Cell Biol 139:

485-495.

Janicki SM, Monteiro MJ (1999) Presenilin overexpression

arrests cells in the G1 phase of the cell cycle. Arrest poten-

tiated by the Alzheimer’s disease PS2(N141I)mutant. Am

J Pathol 155: 135-144.

Kanemaru K, Takio K, Miura R, Titani K, Ihara Y (1992) Fe-

tal-type phosphorylation of the tau in paired helical fila-

ments. J Neurochem 58: 1667-1675.

Ledoux S, Rebai N, Dagenais A, Shaw IT, Nalbantoglu J,

Sekaly RP, Cashman NR (1993) Amyloid precursor pro-

tein in peripheral mononuclear cells is up-regulated with

cell activation. J Immunol 150: 5566-5575.

Li J, Xu M, Zhou H, Ma J, Potter H (1997) Alzheimer presenilins

in the nuclear membrane, interphase kinetochores, and

centrosomes suggest a role in chromosome segregation. Cell

90: 917-927.

Lindwall G, Cole RD (1984) Phosphorylation affects the abil-

ity of tau protein to promote microtubule assembly. J Biol

Chem 259: 5301-5305.

Markesbery WR (1997) Oxidative stress hypothesis in Alz-

heimer’s disease. Free Radic Biol Med 23: 134-147.

Mattson MP, Guo Q, Furukawa K, Pedersen WA (1998)

Presenilins, the endoplasmic reticulum, and neuronal

apoptosis in Alzheimer’s disease. J Neurochem 70:

1-14.

McDonald DR, Bamberger ME, Combs CK, Landreth GE

(1998) �-Amyloid fibrils activate parallel mitogen-acti-

vated protein kinase pathways in microglia and THP1

monocytes. J Neurosci 18: 4451-4460.

McShea A, Harris PLR, Webster KR, Wahl AF, Smith MA

(1997) Abnormal expression of the cell cycle regulators

P16 and CDK4 in Alzheimer’s disease. Am J Pathol 150:

1933-1939.

McShea A, Wahl AF, Smith MA (1999a) Re-entry into the

cell cycle: a mechanism for neurodegeneration in Alzhei-

mer disease. Med Hypotheses 52: 525-527.

McShea A, Zelasko DA, Gerst JL, Smith MA (1999b) Signal

transduction abnormalities in Alzheimer’s disease: evi-

dence of a pathogenic stimuli. Brain Res 815: 237-242.

Nagy Z, Esiri MM, Smith AD (1997a) Expression of cell divi-

sion markers in the hippocampus in Alzheimer’s disease

Cell cycle in Alzheimer’s disease 111



and other neurodegenerative conditions. Acta Neuro-

pathol 93: 294-300.

Nagy Z, Esiri MM, Cato AM, Smith AD (1997b) Cell cycle

markers in the hippocampus in Alzheimer’s disease. Acta

Neuropathol 94: 6-15.

Ogawa O, Lee HG, Zhu X, Raina A, Harris PL, Castellani RJ,

Perry G, Smith MA (2003a) Increased p27, an essential

component of cell cycle control, in Alzheimer’s disease.

Aging Cell 2: 105-110.

Ogawa O, Zhu X, Lee HG, Raina A, Obrenovich ME, Bowser

R, Ghanbari HA, Castellani RJ, Perry G, Smith MA

(2003b) Ectopic localization of phosphorylated histone H3

in Alzheimer’s disease: a mitotic catastrophe? Acta

Neuropathol (Berl) 105: 524-528.

Park DS, Morris EJ, Padmanabhan J, Shelanski ML, Geller

HM, Greene LA (1998) Cyclin-dependent kinases partici-

pate in death of neurons evoked by DNA-damaging

agents. J Cell Biol 143: 457-467.

Perry G, Castellani RJ, Hirai K, Smith MA (1998) Reactive

oxygen species mediate cellular damage in Alzheimer dis-

ease. J Alzheimer’s Disease 1: 45-55.

Pogocki D (2003) Alzheimer’s b-amyloid peptide as a source

of neurotoxic free radicals: the role of structural effects.

Acta Neurobiol Exp (Wars) 63: 131-145.

Pope WB, Lambert MP, Leypold B, Seupaul R, Sletten L, Krafft

G, Klein WL (1994) Microtubule-associated protein tau is

hyperphosphorylated during mitosis in the human

neuroblastomacell lineSH-SY5Y.ExpNeurol126:185-194.

Pyo H, Jou I, Jung S, Hong S, Joe EH (1998) Mitogen-activated

protein kinases activated by lipopolysaccharide and beta-am-

yloid in cultured rat microglia. Neuroreport 9: 871-874.

Raina AK, Monteiro MJ, McShea A, Smith MA (1999a) The

role of cell cycle-mediated events in Alzheimer’s disease.

Int J Exp Pathol 80: 71-76.

Raina AK, Takeda A, Smith MA (1999b) Mitotic neurons: a

dogma succumbs. Exp Neurol 159: 248-249.

Raina AK, Zhu X, Monteiro M, Takeda A, Smith MA (2000a)

Abortive oncogeny and cell cycle-mediated events in Alz-

heimer disease. In: Progress in cell cycle research, Vol. 4

(Eds. L. Meijer, A. Jézéquel and B. Ducommun), Kluwer

Academic/Plenum Press, New York, p. 235-242.

Raina AK, Zhu X, Rottkamp CA, Monteiro M, Takeda A,

Smith MA (2000b) Cyclin’ toward dementia: cell cycle ab-

normalities and abortive oncogenesis in Alzheimer dis-

ease. J Neurosci Res 61: 128-133

Smith MA (1998) Alzheimer disease. In: International review

of neurobiology, Vol. 42 (Eds. R.J. Bradley and R.J. Har-

ris), Academic Press, New York, p. 1-54.

Smith MA, Sayre LM, Monnier VM, Perry G (1995) Radical

AGEing in Alzheimer’s disease. Trends Neurosci 18:

172-176.

Smith TW, Lippa CF (1995) Ki-67 immunoreactivity in Alz-

heimer’s disease and other neurodegenerative disorders. J

Neuropathol Exp Neurol 54: 297-303.

Sousa M, Barros A, Silva J, Tesarik J (1997) Developmental

changes in calcium content of ultrastructurally distinct

subcellular compartments of preimplantation human em-

bryos. Mol Hum Reprod 3: 83-90.

Stewart BW (1994) Mechanisms of apoptosis: integration of

genetic, biochemical, and cellular indicators. J Natl Cancer

Inst 86: 1286-1296.

Struhl G, Greenwald I (1999) Presenilin is required for activ-

ity and nuclear access of Notch in Drosophila. Nature 398:

522-525.

Sugano T, Nitta M, Ohmori H, Yamaizumi M (1995) Nuclear

accumulation of p53 in normal human fibroblasts is in-

duced by various cellular stresses which evoke the heat

shock response, independently of the cell cycle. Jpn J Can-

cer Res 86: 415-418.

Suzuki T, Oishi M, Marshak DR, Czernik AJ, Nairn AC,

Greengard P (1994) Cell cycle-dependent regulation of the

phosphorylation and metabolism of the Alzheimer amy-

loid precursor protein. EMBO J 13: 1114-1122.

Terry RD, Gonatas NK, Weiss M (1964) Ultrastructural stud-

ies in Alzheimer’s presenile dementia. Am J Pathol 44:

269-297.

Vincent I, Rosado M, Davies P (1996) Mitotic mechanisms in

Alzheimer’s disease? J Cell Biol 132: 413-425.

Vincent I, Jicha G, Rosado M, Dickson DW (1997) Aberrant

expression of mitotic cdc2/cyclin B1 kinase in degenerat-

ing neurons of Alzheimer’s disease brain. J Neurosci 17:

3588-3598.

Wolozin B, Iwasaki K, Vito P, Ganjei JK, Lacana E,

Sunderland T, Zhao B, Kusiak JW, Wasco W, D’Adamio

L (1996) Participation of presenilin 2 in apoptosis: en-

hanced basal activity conferred by an Alzheimer mutation.

Science 274: 1710-1713.

Wong PC, Zheng H, Chen H, Becher MW, Sirinathsinghji

DJ, Trumbauer ME, Chen HY, Price DL, Van der Ploeg

LH, Sisodia SS (1997) Presenilin 1 is required for Notch1

and DII1 expression in the paraxial mesoderm. Nature

387: 288-292.

Yang Y, Mufson EJ, Herrup K (2003) Neuronal cell death is

preceded by cell cycle events at all stages of Alzheimer’s

disease J Neurosci 23: 2557-2563.

Ye Y, Lukinova N, Fortini ME (1999) Neurogenic pheno-

types and altered Notch processing in Drosophila

Presenilin mutants. Nature 398: 525-529.

Zhu X, Raina AK, Smith MA (1999) Cell cycle events in neu-

rons: proliferation or death? Am J Pathol 155: 327-329.

Zhu X, Raina AK, Boux H, Simmons ZL, Takeda A, Smith

MA (2000a) Activation of oncogenic pathways in degen-

erating neurons in Alzheimer disease. Int J Dev Neurosci

18: 433-7.

Zhu X, Rottkamp CA, Raina AK, Brewer GJ, Ghanbari HA,

Boux H, Smith MA (2000b) Neuronal CDK7 in hippocam-

pus is related to aging and Alzheimer disease. Neurobiol

Aging. 21: 807-13.

Received 24 November 2003, accepted 1 December 2003

112 A.K. Raina et al.


