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PREFACE 

The aim of this book is to provide an overview of current evidence 
relating the process of neuronal death to the aberrant reentry of 
differentiated neurons into the cell cycle. The seven chapters of the 

book trace the development of the new concept that mitotic reactivation is 
instrumental to neuronal death in many neurodegenerative conditions, in­
cluding Alzheimer's disease, stroke, amyotrophic lateral sclerosis, and epi­
lepsy. Of significance to the pathogenesis of these diseases is the presence of 
cell division markers in selectively vulnerable neurons. Protein-based evi­
dence for the reactivation of a cell cycle in neurons has been strengthened by 
the demonstration of bona fide DNA replication in at-risk neurons in 
Alzheimer's brain. Although this pattern is evocative of a real cell cycle, there 
is no evidence for neuronal mitosis in diseased brains, but rather a persistent 
association between cell cycling and neuronal loss. Tissue culture studies 
have shown that blocking the cell cycle could prevent neuronal death. Thus, 
forcing the cycling of an adult neuron might result in cell death. 

In this book we have collected some current views of the link between 
cell cycle and cell death in neurons. Arendt hypothesizes that cell cycle changes 
underlie a brain-morpho-dysregulation. Copani and colleagues discuss the 
biochemical details of the neuronal cell cycle. Monteiro implicates presenilins 
in cell cycle regulation and death. Nagy summarizes evidence for cell cycle-
related events as a convergent mechanism in different neurodegenerative 
diseases. Obrenovich and colleagues recount some of the mitotic alterations, 
including the recruitment of mitogenic factors and oxidative stress, in 
Alzheimer's disease. Potter expounds the idea that defects in mitosis and 
particularly in chromosome segregation may be a part of the Alzheimer's 
disease process. Yang and Herrup give an overview of the participation of 
cell cycle events in human diseases and in mouse models of Alzheimer's dis­
ease. The book envisages that the discovery of links between the cell cycle 
and cell death might hold the key to early diagnosis and treatments of 
neurodegenerative diseases, providing the background for an in-depth and 
thorough examination of the discovery. 

Agata Copani 
Ferdinando Nicoletti 



CHAPTER 1 

Cell Cycle Activation in Neurons: 

The Final Exit of Brain-Morpho-Dysregulation 

Thomas Arendt 

M ammalian cells act and react within frameworks of defined cellular programmes 
such as division, movement, adhesion, differentiation and death, integrating both 
genetic and epigenetic information. Execution of these programmes, ones activated, 

are surprisingly stable, even under pathological conditions. Disorders of mammalian organ­
isms are, therefore, neither due to "disease programmes" nor to complete dysruptions of the 
orderly execution of normal cellular programmes rather than to an activation or termination of 
these physiological programmes wrongly placed in time and space. This principle applies to all 
three basic cellular pathological reactions such as inflammation, neoplastic transformation or 
degeneration. Therefore, any endogenous or exogenous pathological stimulus can give rise to 
only a very limited spectrum of cellular reactions. 

Inflammation, neoplastic transformation and degeneration to a large extend share cellular 
programmes and make use of identical signaling networks. Control of proliferation and differ­
entiation, i.e., cell cycle control, is not only the major issue for both inflammation and neoplas­
tic transformation, it also is critically involved in degeneration of nondividing cells, such as 
mature neurons. ' Errors in cell cycle regulation can, thus, lead to uncontrolled cell growth 
and division such as in autoimmune diseases, cancer or neurodegeneration. 

Understanding AD and neurodegeneration within the framework of cellular differentia­
tion and cell division control is not a new idea. It had first been brought up early in the 20^ 
century, and repeatedly been stressed in the past as concept of *hyperdifferentiation', 
*retrodifferentiation 'dysdifferentiation' or *dedifferentiation\ ' In the early ninetieth of the 
last century, it became increasingly clear that mitogenic pathways in neurons are aberrantly 
activated early during AD.'^ From that, fiirther insigths into the pathomechanism progressed 
further downstream, suggesting a potential involvement of cell cycle control as a result of ab­
normal mitogenic signaling more recendy. '̂ ^ 

Selective Neuronal Vulnerability: The Key Issue to Understand 
Neurodegenerative Disorders 

Cell death in the nervous system, irrespectively as to whether caused by inflammation, 
ischemia or primary degeneration selectively affects special types of neurons while others are 
spared rather constandy. In AD, this selective neuronal vulnerability has systemic character. 
AD, thus, is a truely "neuromorphological disorder", as "it knows where to go when". 

Understanding this selective neuronal vulnerability means understanding Alzheimer's dis­
ease. More than one hundred years ago, Paul Flechsig^ ̂  had advanced the idea that variations in 

Cell Cycle Mechanisms and Neuronal Cell Death, edited by Agata Copani 
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vulnerability of different groups of neurons are to be traced back in large part to developmental 
conditions, a concept, later defined by Cecile and Oscar Vogt (1951)̂ "^ as the "principle of 
pathoclisis". Brain areas and neuronal types highly vulnerable against neurofibrillary degenera­
tion in AD are indeed different to the rest of the brain at least with respect to three other 
aspects which might be the key to understand underlaying mechanisms: they have been ac­
quired late during phylogenetic development (or have completely been reorganized lately), 
they mature rather late during ontogenic development and they exhibit a particularly high 
degree of synaptic plasticity (and probably synaptic turnover). 

Neurons are the most highly differentiated cells in the true sense of the word. After prolif­
eration, migration and differentiation is completed, they become integrated for a lifetime into 
a neuronal network. This integration requires intercellular communication which is largely 
regulated through external cues. Connectivity and attachement of a cell are mechanisms that 
during evolution from single cellular systems to multicellular systems have been acquired to 
interpret signals from the environment and respond appropriately by proliferation, differentia­
tion and cell death. In a multicellular organism, external cues are, thus, used for 
morphoregulation, i.e., the assembly of individual cells into highly ordered tissues. Differenti­
ated, nonproliferative neurons, however, make use of these mechanisms that control connec­
tivity for their genuine function i.e., for information processing in a multicellular network. 
Cell-cell-interactions in the nervous system subserve a newly acquired purpose, the formation 
of a network. Once the network had been formed, the cell cycle is shut down and information 
from neighbouring cells is translated into continous changes of synaptic strength and mor­
phology, a process, referred to as synaptic plasticity. This means, at least partially identical 
mechanisms are used to regulate such divergent effectors as cell cycle control and synaptic 
plasticity. 

For the neuron, it might be a great achievement to control its synaptic plasticity, to do this 
on the potential expense of differentiation control, however, might put the neuron on a perma­
nent risk. Neurons acquired particularly late during evolution of the human brain (e.g., corti­
cal associative circuits) that subserve 'typical human higher cortical functions' such as learning, 
memory, reasoning, consciousness etc. need to display a particularly high degree of synaptic 
plasticity which might explain the particularly high sensitivity towards the loss of differentia­
tion control and cell death (Fig. 1). 

Plasticity Meets Cell Death 
Alterations of neuroplasticity are a constant element of the pathomechanism of AD. 

It is the plastic morphogenetic potential that "creates" the brain, tightly linked to both synaptic 
pasticity and cell cycle control, what is impaired in AD. 

Synaptic plasticity is thought to be the major mechanism underlaying information pro­
cessing and memory formation in the brain. There is evidence, moreover, that links it to vari­
ous clinical syndromes, including amnesia and dementia, epilepsy^ and probably psychosis. 
Such seemingly diverse phenomena such as beneficial alteration as learning and memory on 
one hand and pathological changes on the other, may possess common characteristics and 
molecular mechanisms providing the basis for a plasticity-pathology-continuum.^^ What makes 
the human brain so special, a large association cortex characterized by a particulary high degree 
of plasticity—a prerequisite for self conscioussness i.e., the development of a belief of itself—at 
the same time creates a vulnerability unique to human (Fig. 2). Identical signaling pathways 
might be used in the first stage of synaptic change in both development and maturity, and 
higher cognitive functions such as learning and memory might be based on adaptive modifica­
tions of an ancient mechanism initially evolved to wire the brain. The activity-dependent modi­
fication of synapses is, thus, a powerful mechanism for shaping and modifying the response 
properties of neurons, but it is also dangerous as it still hides its 'beasty potency' of phyloge­
netic regression into cell cycle activation which ultimatively results in cell death.^^ 
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Figure 1. Hierarchy of cortical vulnerability against neurofibrillary degeneration compared to the neuroana-
tomical hierarchy of cortical information processing. The progression of neurofibrillary degeneration through­
out different cortical areas in AD follows a sequence that represents systematic differences in vulnerability 
which match the hierarchic pattern of cortical information processing. 

Dynamic Morphodysregulation 
Neurodegeneration in Alzheimer's disease is associated with aberrant neuritic growth.^ 

Abnormal growth profiles preferentially affect neurons that are potent ia l ly p rone to 

neurodegeneration such as cholinergic basal forebrain neurons and cortical pyramidal cells 

(Fig. 3). Aberrant sprouts can be detected in early stages of the disease, precede the formation 
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Figure 2. Hierarchy of plastic capacity of pyramidal neurons in the cerebral cortex as compared to the 
hierarchy of cortical vulnerability against neurofibrillary degeneration in the cerebral cortex and to the 
neuroanatomical hierarchy of cortical information processing. The degree of plasticity is highest in supramodal 
and poiymodai association cortices, less well developed in unimodal association cortices and only marginally 
present in primary sensory and motor cortices. 
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Figure 3. Abberant morphological growth profiles in AD on neurons of the cholinergic basal nucleus of 
Meynert. Growth profiles are localized on dendritic endings (D) or cover the soma (B, C). The appearance 
of these growth profiles is associated with an upregulation of the NGF receptors TrkA (A) and p75 (B). (A= 
TrkA insitu hybridisation; B= p75 immunocytochemistry; C, D= Golgi impregnation.) Scale bar= 30 jLlm. 
(Figure modified from refs. 37,39.) 

of paired helical filaments and occur even without massive neuronal loss. They might, thus, 
represent an event of primary significance, inherent to the pathomechanism rather than a sec­
ondary event triggered by ongoing degeneration. 

As opposed to the continous growth of dendritic elements during aging, ̂ ^ growth in A D 
is aberrant with respect to its localisation, morphological appearance, and composition of 
cytoskeletal elements^ '^^' '^ (Fig. 4). Dystrophic neurites, mainly dendritic but occasionally 
also axonal in origin form a constant component of A D pathology. The original identification 
of these neurites as aberrant sprouts about 100 years ago, has been corroborated more re­
cently by Golgi studies, ultrastructural evidence and the accumulation of growth-associated 
proteins(for rev. see Ref. 35) . Growth profiles on cholinergic basal forebrain neurons, for ex­
ample, are typically associated with receptors for N G F indicating the potential ability to re­
spond to an increased trophic force^^ (Fig. 3). 
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Figure 4. Synopsis of principal changes in the dendritic organization of neurons in the cholinergic basal 
nucleus of Meynert during aging and in AD. While during aging, dendritic growth preferentially occurs on 
dendritic endings, thereby contributing to a significant extension of the overall dendritic area ('extensive' 
dendritic growth), dendritic growth in AD is confined to more proximal parts of the dendritic tree, resulting 
in more dense dendritic ramification with only marginal effects on the extension of the overall dendritic area 
('intensive' dendritic growth). (Figure modified from ref 39.) 

Elevated Mitogenic Force 
The presence in the A D brain of growth-associated and growth-promoting proteins, as 

well as their receptors might be an indication of an increased mitogenic force particularly 
pronounced within the microenvironment of plaques. The still growing list of compounds 
contains GAP-43, MARCKS, spectrin, heparansulfate, laminin, N C A M , various cytokines 
and neurotrophic factors such as NGF, bFGF, EGF, IL-1, IL-2, IL-6, IGF-1 , IGF-2, PDGF, 
vascular endothelial growth factor and FiGF/SF (for review see ref. 35). 

Activated Mitogenic Signaling 

p21ras 
A number of these neurotrophic and potentially mitogenic compounds which are elevated 

early in the course of the disease mediate their cellular effects through activation of receptor 
tyrosine kinases, which recruit p21ras, a GTPase that belongs to the Ras superfamily of 
small-G-proteins and lead to the sequential activation of Raf, M E K and ERK.^^ The sequential 
activation of the MAPK-cascade allows for multiple interactions through phosphorylation and 
dephosphorylation which will modify extracellular signals. The Ras-ERK/MAPK pathway is 
an evolutionary conserved signaling mechanism that plays a fundamental role in regulation of 
cellular proliferation and differentiation and control of neuroplasticity and is also involved in 
modulating the expression and posttranslational processing of APP and tau protein. 

In mammalian cells, the p21ras gene product is encoded by a family of ras proto-oncogenes 
that include at least three functional loci, Fi-ras, K-ras and N-ras. They are activated when 
bound to G T P and inactivated upon hydrolyzing the gamma phosphate to form GDP. Ras 
proteins function as 'molecular switches' that cycle between an inactive GDP-bound and an 
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active GTP-bound state. Activation occurs by interaction with GDP-GTP exchange factors 
(GEFs). Binding of the neurotrophins to tyrosine kinase receptors (trk) converts p21ras from 
its inactive, GDP-bound, to active, GTP-bound, state. GTP-bound p2Iras recruits raf-kinase 
from the cytoplasm to the plasma membrane, where it is activated. Raf-kinase phosphory-
lates and activates the mitogen activated protein kinase kinase (MAPKK) leading to the activa­
tion of the mitogen activated protein kinase (MAPK). 

Ras proteins are involved in the central coordination of a variety of functions including 
cytoskeletal organization, gene expression, cell cycle progression, membrane trafficking, cell 
adhesion, migration and polarity, and synaptic plasticity. During brain development, p21ras 
participates in the regulation of the GQ/G] transition of the cell cycle and might, thus, be a 
critical regulator for cellular proliferation and differentiation.^' In the adult nervous system, it 
plays a role in reactive dendritic proliferation and neosynaptogenesis. Ras, thus, is a central 
regulator of synaptic plasticity in the adult brain.^^ 

In AD, p21 ras is highly expressed in vulnerable brain areas already prior to its affection by 
neurofibrillary degeneration which indicates an activation of the ras-MAPK pathway in very 
early stages of the disease. 

MAPK 
The Mitogen-Activated-Protein-Kinases (MAPKs) or Extracellular Signal Regulated Ki­

nases (ERKs) and MAPK-kinase or MAP/ERK kinase (MEK) belong to a group of protein 
kinases which is highly conserved from yeast to vertebrates. They are key molecules in signal 
processing that become activated in response to a wide variety of reagents. Among these are 
tumour promotors, interleukins, growth factors whose receptors are tyrosine kinases, mitogens 
whose receptors couple to heterotrimeric guanine nucleotide binding proteins (G proteins), 
and agents that induce N-methyl-D-aspartate receptor activation. When activated, ERKs rap­
idly phosphorylate targets that lead to changes in kinase cascades, protein function, or gene 
expression. Effectors include Ser/Thr kinases (pp90" , MAPK-activated protein kinase-2 and 
3p-kinase), transcription factors (Elk-1, c-Myc, c-Jun, NF-116, ATF-2 and CREB) and struc­
tural proteins (talin, microtubule-associated proteins and lamins (for review see ref 58). 

The activation of MAPK that is associated by its nuclear translocation plays an essential 
role in the expression of many immediate-early and late response genes. MAPK activation and 
nuclear translocation are required for long-term facilitation in Aplysia and LTP in verte­
brates. MAPK signaling, might thus be a critical regulator for both short-term synaptic func­
tion and transcription of genes required for long-term plasticity. Ras/MAPK signaling compo­
nents are highly enriched in the adult CNS, and expression of many MAPK regulators is largely 
restricted to the CNS where they are highly abundant in association areas implicating a role in 
memory consolidation and synaptic plasticity. 

ERKI/2 and other members of the MAPK family^''^^ are able to phosphorylate the 
microtubule-associated protein tau on threonine and serine residues found phosphorylated in 
PHFs. In AD, we observed indications for increased expression and activation of both MAPKK 
and MAPK already in very early stages of the disease. This activation of the MAPK pathway 
can be modeled in transgenic mice expressing permantenly activated ras (Fig. 5). 

Nitric Oxide and the Autocrine Loop ofSeljperpetuatingRas/MAPK 
Activation 

nNOS was originally thought to be a constitutively expressed enzyme. It becomes increas­
ingly clear now, however, that its levels are dynamically regulated in response to neuronal de­
velopment, plasticity and injury. The transcriptional induction of nNOS that is controlled 
by neurotrophins and other growth factors is in turn involved in regulating the expression of 
immediate early genes in neurons thereby controlling neuronal growth and differentiation. ' 
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Figure 5. Changes in the subcellular distribution of MAP kinase (ERXl/2) in AD, and in a transgenic mice 
model expressing permanently aaivated p21ras under control of the synapsin promotor (synRas mouse). 
Both in AD and transgenic mice, MAPK is translocated from the cytoplasm (asterisk) to the nucleus (arrows) 
indicating an activation of the enzyme. Scale bar: 10 )im (modified after refe. 53,56). 

N O may play a major role in nervous system morphogenesis and plasticity and may be in­
volved in activity-dependent establishment of connections in both developing and regenerat­
ing neurons. '̂ '̂̂ ^ Under developmental conditions, N O may trigger growth arrest, a process 
that at least in certain cell types, might involve inhibition of cdk2, a key regulator of the G1 
and S phases of the cell cycle (see below). These antiproliferative effects of N O involve the 
repression of cyclin A reexpression as well as an induction of the cyclin-dependent kinase in­
hibitor p21^'P^^^ The high degree of coexpression of nNOS with pl6^^^'^\^^ indicates that 
further regulators of the Gl-S-transition might be involved in the NO-induced cell-cycle-arrest 
or that additional mechanisms of proliferation and differentiation regulating mechanisms are 
activated in parallel in the course of neurodegeneration in AD. Thus N O serves as an inducer 
of cell-cycle-arrest, initiating the switch to cytostasis during differentiation, '^ a process that 
can alternatively lead to apoptosis. 

Although the molecular mechanism for the control of N O in proliferation, differentia­
tion, cellular survival and death is not understood in detail, recent evidence indicates that 
activation of p2Iras is critically involved in downstream signaling as a potential endogenous 
NO-redox-sensitive effector molecule.^^'^^ Endogenous N O and intermediates generated 
through oxidative stress can drive the Ras/MAPK cascade directly by direct activation of 
ras-GTPase activity. '̂ ^ N O might, thus, be a key mediator linking celltdar activity to gene 
expression and long-lasting neuronal responses through activating p21ras by redox sensitive 
modulation a process with potential implications both in development and degeneration. 

In AD, n N O S is aberrandy expressed in potentially vulnerable neurons of the isocortex 
and entorhinal cortex. Since these neurons express nNOS prior to their affection by neurofibril­
lary degeneration,^^'^^ transcriptional induction of nNOS might be an early event in the pro­
cess of neurodegeneration. As expression of nNOS in AD is highly colocalized with p21ras, ^ 
an autocrine loop may exist within cells, whereby N O activates p21ras that in turn leads to 
cellular activation and stimulation of N O S expression.''^The coexpression of N O S and p21ras 
in neurons vulnerable to neurofibrillary degeneration early in the course of A D might, thus, 
provide the basis for a feed back mechanism that might exacerbate the progression of 
neurodegeneration in a self propagating manner (Fig. 6). This self perpetuation of a process 
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Figure 6. Synopsis of intracellular signaling events triggered by morphodysregulation in AD that involve an 
aberrant activation of p21 ras/MAP-lcinase signaling, a loss of differentiation control, the subsequent reentry 
and partial completion of the cell cycle and eventually result in cell death. 

likely to be associated with limited prospects of physiological control and termination might be 
the critical switch converting two potentially neuroprotective mechanisms such as NO and 
p21 ras dependent signaling into a disease process leading to slowly but continously progress­
ing neuronal death. 

Brain-Morpho-Dysregulatioti and Replay of Developmental 
Mechanisms 

Several of the genes and proteins and their posttranslational modification associated with 
AD have recently been found to play central roles in neuronal development, particular neu­
ronal migration and axon extension. Neurodegeneration, furthermore, is associated by a 
complex structural reorganisation that involves a replay of developmental programmes. The 
aberrant neuritic growth in AD, as a likely indication of defect synapse turnover, is accompa­
nied by microtubular reorganization ^ associated with the reexpression of a number of devel-
opmentally regulated proteins involved in morphoregulation indicating that molecules, 
overexpressed in AD, might play a role in structural remodeling the adult brain. 

Based on this evidence, we have suggested some years ago that it is the process of continous 
synaptic reorganisation itself that becomes defective in AD. In this pathogenetic process, a 
subset of neurons retaining a high degree of plasticity and which are presumably in a "labile 
state of differentiation", are forced into a condition of dedifferentiation that is characterized by 



Cell Cycle Activation in Neurons 

an expression of developmental regulated genes, posttranslational modifications, and an accu­
mulation of gene products to an extent that goes beyond those observed during regeneration. 
This replay of developmen tally regulated mechanisms might be the endstage of disturbed struc­
tural brain self-organization and a slowly progressing "morpho-dysregulation". This process of 
dedifferentiation involves molecular events that, in dividing cell populations, would lead to 
cellular transformation and is, thus, not compatible with the state of a neuron being irrevers­
ibly blocked from the reentry into the cell cycle. It might, therefore, lead to neuronal death. 
From this hypothesis it can be predicted that those molecular events that are involved in neo­
plastic transformation might also play a key role in the pathomechanism of AD.^ These mecha­
nisms are notably a dysfunction of mitogenic signal transduction and cell-cycle control. 

Cell-Cycle as an Alternative Effector Pathway of Plasticity-Related 
Signaling Mechanisms 

Induction of the cell cycle by mitogenic compounds are mediated through cdk activation 
by cyclin D, the positive regulator of cdk4/6, and cyclin E, the positive regulator of cdk2, 
together with the repression of cdk-inhibitors of die cip/kip family (p21^'P\ p27^P^ and p57^P^) 
which are negative regulators of Gl-phase cdks.^^ Cyclins D and E, moreover, are major down­
stream targets of signaling pathways involved in mediating structural plasticity and 
morphoregulation such as integrin-signaling, cadherin-signaling, wnt-signaling, LDL-signaling 
and others. As a result, these pathways alternatively regulate plasticity and cell cycle activation. 

Proteins that normally function to control cell cycle progression in actively dividing cells 
may play roles in the death of terminally differentiated postmitotic neurons. ' Thus, a 
dysregulation of cdks and their regulating partners such as cyclins and cdk-inhibitors indicat­
ing an activation of the cell cycle in postmitotic neurons has been observed in AD, '̂̂ '̂'̂  '̂ '̂̂ "̂  
cerebral ischemia and during trophic factor deprivation.^^'^^ Correspondingly, pharmacologi­
cal inhibitors of cell cycle or ectopic expression of cdkis can protect neurons against 
death.«i'82'94,95,ioo-i03 

Cyclin Dependent Kinases (cdks) 
Cyclin dependent kinases (cdks) are Ser/Thr kinases that are only active in association 

with a regulatory partner (i.e., cyclin or other protein).^^ '̂  ^ Cdks are critically involved in 
regulation of the cell cycle (cdkl, cdk2, cdk3, cdk4, cdk6, cdk7), as well as other functions 
such as transcription (cdk2, cdk7, cdk8, cdk9, cdkll) , neurite outgrowth, neuron migration 
and neurotransmitter signaling (cdk4, cdk5, cdkl 1), differentiation (cdk2, cdk5, cdk6, cdk9) 
and cell death (cdkl, cdk2, cdk4, cdk5, cdk6, cdkll) . 

The orderly progression through the Gl , S, G2 and M phases of the cell division cycle is 
driven by the sequential activation of cdks which is controlled through positive and negative 
regulators. The initial segment of the cell-cycle, the first gap (Gl)-phase is the site of integra­
tion of mitotic signals that result from ligand dependent activation of both growth factor re­
ceptors and integrins that both converge on the activation G1-cyclin-dependent kinases 
(cdks) cdk4/6 and cdk2. Resulting cdk activities determine whether mitogenic signals are 
propagated downstream inducing phosphorylation of key substrates required for progression 
through Gl and entry into S-phase. The major function of Gl-phase kinases is to phosphory-
late the retinoblastoma protein (pRb). 

Activity of these kinases is controlled at multiple levels, (i) from the accumulation of 
cyclins [Cyclin D l linked to cdk4 or 6, and cyclin E linked to cdk2], (ii) at the level of assembly 
into a cyclin-cdk-complex, (iii) by phosphorylation and (iv) by their association with inhibi­
tory proteins, the cyclin-dependent kinase inhibitors that can either block activation or block 
substrate/ATP access.̂ ^ '̂̂ ^^ 
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The first wave of cyclin D-dependent kinase activity is followed in late G1 by an increase 
in cyclin E-cdk2 activity ̂ ^̂ '̂ ^̂  The cdk2-cyclin E complex is responsible for the Gl/S transi­
tion but also regulates centrosome duplication. Unlike the D-type cyclin dependent kinases, 
assembly of cyclin E and cdk2 into active kinase is not mitogen-dependent. cdk2 reinforces 
cdk4 to complete Rb phosphorylation and induces the degradation of p27^P^ The cell cycle is 
now irreversibly committed to enter the S-phase. As cells transit the S-phase, proteolysis of 
cyclin E occurs. During S-phase, cdk2-cyclin A phosphorylates various substrates allowing 
DNA replication. At the S/G2 transition, cdkl associates with cyclin A. In late G2, cdkl -cyclin 
B appears and triggers the G2/M transition, and cyclin A is degraded,^' which resets the 
system and reestablishes the requirement for mitogenic cues to induce D-type cyclins for the 
next cycle. 

The successive waves of cdk activation and inactivation are regulated through posttransla-
tional modifications and subcellular translocations of positive and negative regulators, and are 
coordinated dependent on the completion of previous steps, through so-called checkpoint 
controls.^ ̂  ^ These checkpoints allow alternative decisions between further progression through 
the cycle, growth arrest or induction of apoptosis. Apoptosis as an alternative to cell cycle 
progression, is, thus, aimed at preventing cell proliferation. In proliferating cells, this might be 
a protective mechanism against transmission of nonreparable DNA damage. In highly differ­
entiated cells, such as neurons, the mechanism might be preserved to prevent inappropriate 
generation of new cells that cannot easily be intergrated into functional circuitry. An apoptotic 
response might, thus, be inherent to an inappropriate activation of the cell cycle. 

Several cyclin-dependent kinases critical for the progression through the cell cycle such as 
cdkl (cdc2), cdk4 and cdk5 are deregulated in AD.̂ '̂̂ '̂̂ '̂̂  '^'' ^^The cdkl (cdc2) kinase, more­
over, is able to phosphorylate tau protein at sites known to be phosphorylated in AD, and thus 
potentially contributes to the generation of PHF-tau. APP, furthermore, is phosphory­
lated both in vitro and in intact cells by a cdkl (cdc2)-like kinase in a cell cycle dependent 
manner which is associated with altered production of potentially amyloidogenic fragments 
containing the entire p/A4-domain.^ ^̂  Ap in turn might potentially act as proliferating signal, 
driving cultured rat primary neurons into the cell cycle, although in vivo, this has not been 
replicated.^ ^ 

Cyclins 
When quiescent cells enter the Gl-phase, genes encoding D-type cyclins (Dl, D2, D3) 

are induced in response to mitogenic signals. During progression through Gl , the level of 
D-type cyclins increases, and, in a mitogen-regulated manner, these proteins associate with, 
and activate their catalytic partners, cdk4 or cdk6.̂ '̂ ^ Assembled cyclin D-cdk complexes enter 
the nucleus where they become phosphorylated by a cdk-activating kinase (CAK). The major 
function of D-type cyclins is to provide a link between mitogenic stimulation and the autono­
mous progressing cell cycle machinery D-type cyclins are, thus, usually absent from the cell 
cycle that progress independently of the presence of mitogenic signals. Conversely, constitutive 
activation of cyclin D can contribute to oncogenic cell transformation. 

The level of cyclin D l , a critical regulator of the transition from the GQ to the Gi phase of 
the cell cycle that acts through activation of cdk4 is increased in neurons prone to 
neurodegeneration in AD. Cyclins other than Dl such as cyclins E and A involved in 
regulation of Gi/S-transition as well as cyclin B regulating G2/M-transition ' ' ' ' are 
also elevated. 
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Cdk Inhibitors 
Activity of Gl-phase cdks are negatively regulated by cdk-inhibitors which bind directly 

to cdks or to cdk-cyclin complexes. According to structural features, Cdk inhibitors are grouped 
into two families, INK4 and Cip/Kip. The INK4 (inhibitors of cdk4) family currendy consists 
of four members, pl6̂ NK4â  pl5^^^^^ plS^^^^^and pl9^^^^^, diat commonly share the pres­
ence of ankyrin repeats. ̂ ^̂  The INK4a locus encodes two independent but overlapping genes, 

mouse homologue of pi4^^^ that act in partly overlapping path­
ways. All these proteins can inhibit cyclin D associated kinases. INK4 proteins compete 
with D-type cyclins for binding to the cdk subunit. The INK4-family of cyclin-dependent 
kinase inhibitors might be involved in the regulation of pathways that control cell growth and 
proliferation as well as cell death. Deregulation of these cdki-proteins results in either uncon­
trolled proliferation and neoplastic transformation or activation of apoptosis.̂ '̂̂ '̂ '̂ ^ The in­
hibitory action of the INK4 proteins is largely dependent on the presence of pRb in the cell. 

Three proteins currently comprise the Cip/Kip family (cdk interacting protein / kinase 
inhibitory protein): p21^'P\ p27^P^ and p57^P^. These proteins share a homologous inhibi­
tory domain, which is necessary for binding of cdk4 and cdk2 complexes. Compared to the 
INK4-family, they have a wider inhibiting specificity, affecting the activities of cyclin-D-, E-, 
and A-dependent kinases. In vivo they preferentially act on cdk2 complexes. Through binding 
to cyclin D-cdk4 complexes, p27 ^^ and p21 ^̂  can be sequestered without inhibiting the 
activity of the complex. ̂ ^ Kip/Cip-proteins might even be able to promote activation of cyclin 
D-cdk complexes by stabilizing the complexes and directing their nuclear translocation.^^ 
When mitogens are withdrawn and Cyclin D is downregulated, this pool of Kip/Cip-proteins 
is released, thereby inducing Gl phase arrest through inhibition of cyclin E-cdk2. p21 '̂  also 
associates with PCNA, a subunit of DNA-polymerase delta which might be an additional 
mechanism through which p21 '̂  can inhibit DNA synthesis. 

p i6 ,̂ a prominent representative of the INK4-family, involved in pathways for con­
trol of cell growth and proliferation '̂̂ '̂  is also increased in AD as are other members of the 
INK4-family of the cyclin-dependent kinase inhibitors interacting with cdk4/6 such as p i ! 
pl8^^^^^ and pl9^^^^'^, while alterations of p21^'P^ and p27^P^ are less constant.^'^^'^^ 

Y cINK4b 

Retinoblastoma Protein 
Gl-cdk activities determine whether mitogenic signals are propagated downstream result­

ing in phosphorylation of key substrates required for progression through Gl . One of the key 
substrates is the retinoblastoma protein (Rb), an inhibitor of progression through Gl . Activa­
tion of cyclin D-dependent-cdks initiate Rb phosphorylation in mid-G 1 phase when cyclin 
E-cdk2 becomes active and completes this process by phosphorylating Rb on additional 
sites.̂ "̂  '̂ "̂ ^ Cyclin A and B-dependent cdks activated later during the cell cycle maintain Rb in 
a hyperphosphorylated form. Resetting the pRb-E2F complex occurs in M-phase by dephos-
phorylation, probably by PPl.^'^^ 

In quiescent cells, Rb is hypophosphorylated, and transcription factors such as E2F bind 
specifically to the hypophosphorylated form of pRb which act as a proliferation inhibitor.^^^'^^^ 
Two other proteins, pi 30 and pi 07, are Rb-related members of the pRb "pocket protein" gene 
family. They are also substrates of the Gl-phase cdks, share structural and biochemical proper­
ties and, like pRb, bind and modulate the activity of E2F transcription factors.^^^ 

Rb-E2F complexes bind to E2F-binding sites in E2F-responsive genes and repress tran­
scription. Cdk-dependent phosphorylation of Rb (pRb) disrupts its association with E2F fam­
ily members relieves pRb-mediated repression and allows for E2F-dependent transcription of 
several genes involved in cell-cycle and growth-regulation, including enzymes of DNA me­
tabolism, protooncogenes, and cell-cycle regulatory proteins such as cyclins E and A that both 
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are required to catalyze the Gl/S transition.^ '̂ ^ '̂̂ ^^ Hypophosphorylated pRb also binds to 
other proteins, such as members of the abl family which seem to be closely implicated in 
adhesion-dependent growth control. The E2F-dependent induction of cyclin E, that in turn 
stimulates Rb phosphorylation through cdk2, provides a feedback loop that contributes to the 
Gl/S transition. This event of pRb phosphorylation and release of E2F corresponds to progres­
sion through the restriction point R. This restriction point, R, marks the point where cell 
cycle progression becomes independent of extracellular signals and cells become irreversibly 
committed to continued cell cycle progression. 

In addition to regulation of E2F activity through phosphorylation of pocket proteins, 
direct phosphorylation of E2F also influences its activity. Both cyclin A-cdk2 and cyclin A-cdc2 
can phosphorylate E2F-1 on multiple sites which might contribute to its downregulation in 
late S/G2 phase. Besides its involvement in cell growth and the cell cycle regulation, E2F also 
plays a role in apoptosis. Similar to growth regulation, E2F-mediated apoptosis is regulated by 
pocket proteins. ̂ ^̂  

In AD, increased immunoreactivity for hyperphosphorylated pRb and for E2F has been 
described.^^ '̂̂ ^^ 

The Cell Cycle Integrates Intercellular and Intracellular Signaling 
and Links Development, Oncogenesis and Neurodegeneration 

Cell Cycle Regulation through External '*Po$itionaV* Cues 
Activation of the cell cycle through growth factors also requires signals by the extracellular 

matrix. Entry into G1 -phase and further progression towards the S-phase is a major down­
stream event of synergistic signaling by mitogenic compounds and integrin-dependent cell 
adhesion. All of the important mitogenic signaling cascades downstream of the Ras and Rho 
family small GTPases and the PI3-kinase-PKB/Akt pathway that control critical molecular 
switches such as induction of cyclin Dl resulting in activation of cdk4/6, the suppression of 
p21 and p27 inducing cdk2 activity^ '̂̂  ^ and the subsequent phosphorylation of Rb are regu­
lated by integrin mediated cell adhesion.^ ^ Some of these matrix related effects involve 
matrix-dependent organization of the cytoskeleton. Adhesion-dependent cell cycle progression 
involves both integrin binding to the ECM and integrin-mediated cytoskeletal organization. 
An organized cytoskeleton is, thus a requirement throughout the mitogen-dependent portion 
of the Gl-phase; and the adhesion-dependent expression of cyclin D and the phosphorylation 
of pRb are mediated by the cytoskeleton. Cell adhesion to ECM is mediated by binding to cell 
surface integrin receptors, which activate intracellular signaling cascades and mediate 
tension-dependent changes in cell shape and cytoskeltal structure. Although growth control 
has focused on integrin and growth factor signaling, cell shape might play an equally critical 
role in cell cycle progression that act by subjugating the molecular machinery that regulates the 
Gl/S transition.^"^^ 

Adhesion to substratum has two separate effects on cell which both could underlie the 
anchorage requirement for cell cycle progression, i.e the initial adhesion event and the subse­
quent clustering of occupied integrins. Integrins might act as mechanoreceptors, transmitting 
mechanical information from the extracellular matrix to the cytoskeleton.^ '̂̂  Alternatively, 
an organized cytoskeleton might be required to force integrins to remain clustered at focal 
contacts, and integrin clustering seems to be a prerequisite for integrin signaling. 

Signaling through Ras and integrin regulates cyclinD-cdk4 and cylinE-cdk2 at different 
levels, (i) Expression of cyclin Dl , often the rate-limiting step in the activation of cylinD-cdk4/ 
6, critically dependent on synergistic signaling through the Ras/MAPK cascade, integrin, 
cadherin and wnt dependent signaling.^ '' (ii) Assembly of newly synthesized cyclin Dl with 
cdk4 similarly depends on the Ras/MAPK cascade.^ ^ (iii) Turnover of D-type cyclins, morover, 
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is Ras-dependent and mediated bv the PI3-kinase-Akt-pathway that regulates the phosphory­
lation of cyclin Dl by GSK-3P.^ ^ Inhibition of this pathway leads to cyclin D phosphoryla­
tion, enhancing its nuclear export and the ubiquitin-dependent proteasomal degradation, (iv) 
Cell adhesion is a prerequisite for efficient down regulation the steady state levels of p21^'P^ 
and/or p27^^P^^^^ p27^P^ was first identified as a cdk2-inhibitory factor detected in 
contact-inhibited cells^^^ and many factors, including cell-cell contact, induce accumulation of 
p27Kipi 152 Under diese conditions, pl9^^^^" and p27^P^ cooperate to maintain differentiated 
neurons in a quiescent state. Adhesion lowers the levels of p21 ^̂  and p27 ^ , thus permitting 
activation of cyclin E-cdk2 while high levels of p27^P^ persist in cells that were prevented from 
spreading by restriction of the size of the substratum, despite normal MAPK activation.^ 

Key intermediates of signaling of integrin-dependent cell adhesion upon cell cycle regula­
tion are the integrin-linked kinase, that through inhibition of GSK-3P can also regulate both 
the expression and degradation of cyclin Dl and FAK that controls cell-cycle progression through 
Gl via JNK and dirough Ras - ERKl/2.^^^ 

Downstream Gl events, including phosphorylation of pRb leading to release of 
E2F-transcription factors from their complex with Rb and cyclin A expression also require 
both soluble mitogens and cell interaction with the extracellular matrix.^ '̂̂ ^̂  Integrin-mediated 
cell anchorage, furthermore, has a vital role in the control of apoptosis, a mechanism also 
dependent on FAK and Ras-dependent signaling as well as involving the wnt-1/P-catenin path­
way. Control of anchorage-dependent apoptosis, also coined *anoikis',^^ may vary substan­
tially from one cell lineage to another and Ras may fulfil both positive and negative regulatory 
function depending on the cell type.^ '̂ ^ '̂̂ ^^ 

Cell Cycle Regulation through Oncogenes 
Naturally, a variety of proto-oncogenes are connected to cell cycle regulation. Several 

oncoproteins are mutationally active forms of enzymes that act upstream in the MAP-kinase 
pathway, including the v-ErbB, ErbB2/Neu, and v-Src protein tyrosine kinases, Ras and Raf, 
indicating a critical role of persistent activation of the MAP-kinase pathway in oncogenesis. 
Small GTPases of the Ras-family which act as molecular switches in intracellular signaling 
regulate cellular proliferation and mediate the mitogenic response of a variety of growth factors 
and oncogenes. Proto-oncogenes involved in the GQ/GI transition, such as myc and ras, are 
able to increase transcription of many immediate early genes including cyclin D l and also to 
direcdy coorperate with cyclin Dl in transforming cells.^^^ Mutations conferring constitutive 
Ras activation are found in nearly 30% of all human tumors. ̂ ^̂  Oncogenic ras promotes un­
controlled mitogenesis independendy of the presence of growth factors but itself is unable to 
transform cells. Constitutively-activated ras^ moreover, not only regidates cellular proliferation, 
but also renders cells susceptible to apoptosis.^ ^ 

Depending on the activation of other signaling pathways, activation of Ras signaling path­
ways can also arrest the cell cycle rather than activate proliferation.^ '̂̂  ^ As a result, ras sup­
presses oncogenic transformation and induces a condition phenotypically identical to prema­
ture cellular senescence. ̂ ^̂ '̂ ^̂  It selectively inhibits genes involved in mitosis, DNA replication, 
segregation, and repair, and at the same time upregulates genes associated with cell death and 
potentially involved in neurodegenerative disorders and tumorgenesis such as APP, serum amy­
loid (SAA), tissue transglutaminase (t-TGase). This process also involves the upregulation of 
die cyclin-dependent-kinase inhibitors p21^^^^^'P\ p l 9 ^ and pl6^^^^« 161.167-172 ^^^ ^^^^^ 
resembles changes seen in early AD.^'^'^^''^^ Activation of the p21ras cascade, thus, plays an 
essential role in oncogenesis but also in cellular senescence as well as AD. 

As we have shown previously, a high capacity of structural neuronal plasticity in the adult 
brain might neurons predispose to tangle formation in AD.^ '̂'̂  '̂ '̂ ^ This high potential of 
neuroplasticity associated with the necessity of synaptic turnover and reorganisation might 
require properties inherent to both growth cones and synaptic connections.^^ Highly plastic 
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neurons might, thus, retain 'immature' features and might not be Tully differentiated' or 'truly 
postmitotic', i.e., arrested in GQ, an assumption supported by recent findings on the expression 
of cyclin B and E in hippocampal neurons of healthy elderly. ̂ '̂̂ "̂ "̂  

It is, therefore, suggested that the reexpression of developmentally regulated genes, the 
induction of posttranslational modifications and accumulation of gene products to an extent 
which goes beyond that observed during regeneration and the aborted attempt of 'differenti­
ated' neurons to activate the cell cycle, which apparently is a critical event in the pathomechanism 
ĵf AD«'0'̂ 6-«-85.88-92.n4,l22,l73,l75-l77i^ j ^ ^ ^̂  ^ ,̂ ^^ of diflFerentiation control that normally 

is involved in the regulation of neuronal plasticity. A direct link between cell cycle reactivation 
and cell death is supported by observations on the neuroprotective action of overexpression of 
the cyclin-dependent kinase inhibitor pi6 '^^ ^ which locks neurons in a differentiated stage 
and prevents cell cycle reentry.^^ 

It might, thus, be a 'labile fixation' of plastic neurons in GQ which allows for ongoing 
morphoregulatory processes after development is completed. The delicate balance, however, 
between Go-arrest and Gi-entry might be prone to a variety of potential disturbances during 
the lifetime of an individual. Morphodysregulation in AD, accompanied by aberrancies in 
intracellular mitogenic signaling might, thus, be a slowly progressing dysfunction that eventu­
ally overides this differentiation control and results in dedifferentiation, a condition in conflict 
with the otherwise 'mature' background of the nervous system. Cell-cycle and differentiation 
control might thus provide the link between structural brain self-organization and 
neurodegeneration * both of which in the human brain have reached a phylogenetic level 
unique in nature. 

Conclusions 
Taken together, in multicellular organisms, cell number is regulated spatially by extracel­

lular signals through cell interactions controlling proliferation and survival in local 
neighbourhoods. Instructions from neighbouring cells can induce cell proliferation, differen­
tiation or death. These stimuli include cell-cell and cell-ECM adhesion, growth factors, cytokines, 
neuropeptides and mechanical factors. Signals from G-protein-coupled receptors, tyrosine ki­
nase receptors and integrins cooperate to integrate information from multiple stimuli that 
regulate cell cycle progression. To allow for a regulation of these processes a tight link is neces­
sary between c^\ attachement mechanisms and control of proliferation and differentiation, 
i.e., the cell cycle machinery. 

Contrary to most other cells that make up a multicellular organism, neurons use the 
molecular circuitry developed to sense their relationship to other cells to reorganize their con­
nectivity according to the requirements for information processing within a cellular network. 
This puts neurons on the permanent risk to erroneously convert signals derived from plastic 
synaptic changes into positional cues that will activate the cell cycle. Maintaining neurons in a 
differentiated but still highly plastic phenotype will, thus, be the challenge to prevent 
neurodegeneration. 
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CHAPTER 2 

Paved with Good Intentions: 

The Link between Cell Cycle and Cell Death 
in the MammaUan Central Nervous System 

Yan Yang and Karl Herrup 

Cell Division 

Cell division is among the most basic of biological processes. All life forms, from blue-green 
algae to human hepatocytes, ultimately depend for their survival on the ability of one 
cell to create two. In keeping with the centrality of this process, the component en­

zyme systems have been well conserved in evolution. But while unicellular creatures such as 
bacteria, protozoa and yeast are free to divide whenever the nutrient source is adequate, multi­
cellular organisms must tightly regulate the division of their constituent cells if they are to 
maintain their correct size and shape. Given this requirement, it is not surprising that the 
activities of the various cell cycle enzymes are regulated by a large and complex network of gene 
products. Indeed since life itself depends on the existence of a vigorous cell division process, it 
is nearly axiomatic that complex organisms must have an equally robust series of mechanisms 
to hold the cell cycle in check. Nowhere is this need for cellular restraint more crucial than in 
the adult central nervous system. 

The mitotic cell cycle has four recognized phases. Gl phase is a period of variable length 
during which a single cell grows to a point where cell division is called for. After the commit­
ment to begin division is made, GI is followed by S phase in which the DNA synthetic ma­
chinery replicates the cell s genetic material and chromosome number doubles. The cell then 
prepares for division in a period known as G2 phase. Finally, during M phase, the chromo­
somes move to opposite poles of the cell; the cytoplasm is split and two daughter cells emerge. 
The proteins that regulate this process are diverse in both form and function. The central 
players are a series of protein kinases known as cyclin dependent kinases, or Cdks. The activi­
ties of these proteins vary with the phase of the cycle according to their own state of phospho­
rylation as well as their binding to a series of regulatory proteins known as cyclins. Additional 
levels of regulation are added by a number of cell cycle inhibitors (such as the cyclin D inhibi­
tors p l6 and p27) that act by binding to and blocking the action of various cyclins. Further, 
peptide destruction (targeted by ubiquitination and effected by specific peptidases such as 
cdc25) is yet another level of both positive and negative cell cycle regulation. 

Cell Cycle Mechanisms and Neuronal Cell Death, edited by Agata Copani 
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Cell Cycle Events in the Cell Death Process 
Until recendy, cell division and cell death seemed not only separate, but polar opposite 

concepts. The former would seem a generative process that favors growth and development 
while the latter is a destructive event that favors atrophy and loss. A substantial body of evi­
dence now suggests, however, that the two processes are intimately related and use many of the 
same mechanisms for their execution. The idea that reactivation of the machinery of cell divi­
sion in a mature neuron might to death rather than division, though paradoxical, fits well with 
an oft-observed but poorly understood phenomenon: there are almost no examples of tumors 
that are founded by CNS neurons. With very few exceptions,* the cancers that we refer to as 
"brain" tumors originate from nonneuronal cells such as astrocytes, oligodendrocytes, and cells 
of the meninges. 

Some of the first direct hints of the cell cycle/cell death linkage came from the analyses of 
transgenic mice in which oncogenes such as SV40 T-antigen were driven with neuron-specific 
promoters. When T-antigen is expressed under the control of a rhodopsin promoter, the result 
is the loss of photoreceptor cells. ̂  When it is expressed under a N-methyltransferase promoter 
retinal amacrine and horizontal cells die.'̂  Finally, when the Purkinje cell-specific promoter of 
the pcp2 gene is used to drive T-antigen expression, cerebellar Purkinje cell death rather than 
cell division is the unexpected result. Careful study of this latter situation revealed that the 
dying Purkinje cells were labeled by the DNA precursor, bromodeoxyuridine (BrdU) before 
their demise.^ This suggests that the T-antigen oncogene had successfully initiated a cell cycle 
but for some reason the Purkinje cell could not complete it. T-antigen functions in part by 
binding the endogenous cellulai protein, retinoblastoma (RB). RB is a nuclear protein that 
regulates a key point in the cascade of events that initiates cell division.^' The activity of RB is 
normally inhibitory (hence its classification as a tumor suppressor gene) but it can be modu­
lated through protein phosphorylation; higher levels of phosphorylation inactivate RB and 
release the cell cycle. By binding and sequestering RB, the effect of T-antigen is to functionally 
mimic the eff̂ ects of phosphorylation. 

In the same year that the T-antigen transgenics were published, several cell cycle labs 
announced the creation of engineered null mutations in the mouse retinoblastoma gene. The 
three labs were undoubtedly expecting to find unregulated cell division in the embryo; instead 
all three reported the occurrence of massive amounts of cell death in the central nervous sys­
tem. All three groups noted the implication of this discovery: loss of cell cycle control in a 
newly generated neuron leads to cell death. One might have imagined that the curious 
cooccurrence of cell cycle anomalies and neuronal cell death was limited to artificial genetically 
engineered systems and somehow perhaps to other functions of the RB protein itself. Yet, 
shortly after these findings were announced. Freeman et al showed that the death of sympa­
thetic neurons following trophic factor deprivation led to the up-regulation of cyclin Dl (a Gl 
phase cyclin). This finding was of particidar interest as the message levels for most of the other 
genes examined decreased. Following these observations in PNS neurons, our laboratory inves­
tigated several instances of target-related cell death in the CNS.^^ 

Taken together, these early findings suggest a model of cell division in the mature nervous 
system that is the central hypothesis of this chapter: 

Once a neuroblast makes the commitment to stop dividing and begin differentiation, any event 
that forces it back into the cell cycle will result in its death. This prohibition against cell division 
begins early in development and persists for the life of the organism. 

* Retinoblastomas, meduloblastomas and multiple endocrine neoplasias 
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The Cell Biology of Cell Cycle Induced Cell Death 
Since these first studies there has been a growing recognition of the wide spread appiica-

biUty of this principle. Tissue culture model systems have been developed and have provided 
some of the most detailed evidence establishing a linkage between cell cycle and cell death. 
These data come from analyses of cell lines such as PC 12 cells ' as well as primary neuronal 
cultures.'̂ '̂ '̂̂ '̂"^^ The role of cell cycle processes is noted in a number of different experimental 
situations in which neuronal cell death is observed. For example, trophic factor withdrawal can 
induce a cycle-associated death in primary neurons and PCI2 cells cultured in vitro. ' '̂ 
Using pharmacological approaches, the laboratories of Greene and colleagues have shown that 
drugs block cell cycle advancement are efficient at preventing the death of both PC 12 cells and 
sympathetic neurons. ̂ '̂̂ ^ Molecular genetic approaches have also been used. Dominant nega­
tive forms of the Cdk4 and Cdk6 proteins have been engineered and these too are effective in 
blocking the cell death process. ̂ ^ In addition, neurons subjected to DNA damaging agents 
such as UV irradiation or camptothecin (a topoisomerase inhibitor) require cyclin Dl and 
CDK4/6 activity to induce neuronal death.^^ These in vitro models are significant since many 
of them provide direct experimental evidence that, rather than merely being associated with 
cell death, an ectopic cell division is both necessary and sufficient to produce the death of 
neurons. An excellent review of this entire topic can be found in Liu and Green. ̂ ^ 

The tissue culture studies and the observations in the RB mutants andT-antigen transgenics 
are strong evidence in support of the cell cycle and cell death connections. And this linkage is 
found a number of other in vivo situations of neuronal cell death. Recently, Chen et al ^ have 
shown that in mice lacking the cell cycle inhibitor, p i9 ' , hair cells die post-natally. Their 
death is clearly cell cycle related as BrdU is incorporated into the normally post-mitotic cells. 
An additional example mentioned briefly above is the phenomenon of naturally occurring cell 
death. In normal development, most neurons go through a 'critical period' during which they 
have an acute dependency on contact with their target. If the contact is insufficient, the presyn­
aptic neurons will rapidly die. It is believed that this pruning mechanism allows the different 
interconnected parts of the CNS to achieve a functional numerical balance that is optimum for 
adult function. One of the regions where target-related cell death has been studied most exten­
sively is in the developing cerebellum. This is because many of the 'classic' neurological muta­
tions of the mouse such as lurcherr and staggere lose large numbers of granule cell and inferior 
olive neurons due to the mutations' destructive effects on their target, the cerebellar Purkinje 
cell. ' The presynaptic granule and olivary neurons are not themselves intrinsically compro­
mised by either mutation; the Purkinje cells in both mutants are."̂ '̂̂ ^ In both mutants the 
discovery of BrdU incorporation as well as immunocytochemical evidence for the reexpression 
of cell cycle proteins (Fig. 1 A) demonstrates that both neuronal cell types reenter an unsched­
uled cell cycle before their demise. This point is further underscored by the situation in the 
wild type mouse where even the normal pruning of the granule cell population that occurs 
during postnatal cerebellar development is found to proceed by the same reengagement of the 
cell cycle (Fig. IB).^^ 

The principle of cell cycling as a correlate of the cell death process has recently been 
extended further. When a neuron is deprived of oxygen, even for relatively short periods of 
time, it will die. This is true both in tissue culture and in vivo during disease related or experi­
mentally induced ischemic incidents. Both situations have been examined for the evidence of 
cell cycle processes and in both situations such evidence has been found. In rats, focal ischemic 
insults as short as 30 min induce Cdk2 and Cdk4 as well as their associated cyclins, cyclin Dl 
and cyclin A and in response the levels of phosphorylated RB increase and E2F appears to be 
released. "̂ '̂̂ ^ As if to protect itself from the ill effects of the cell cycle, the Cdk inhibitors p21 
and cyclin Gl also appear to be induced in the neurons bordering the ischemic core region 
after middle cerebral artery occlusion in rats.^^ The significance of the elevations in cell cycle 
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Figure 1. Immunocytochemical evidence for cell cycle events in models of neurodegeneration in mouse and 
man. BrdU is incorporated into post-mitotic cerebellar granule cells (arrows) if they are deprived of their 
target. Such a situation is found in mutations (A) such as staggerer and also during normal development in 
the wild type (B). Neurons in populations at risk for cell death in Alzheimer's disease (such as hippocampal 
pyramidal cells) also reexpress cell cycle markers such as PCNA (C) or cyclin B (D) before their death. These 
cell cycle proteins lead to a well regulated S-phase as illustrated by the incorporation of BrdU (A, B) or the 
use of fluorescent in situ hybridization to detect the duplication of specific loci in both human (E) and mouse 
(F). The probe shown in the human hippocampal neuron is a probe to a region of the human genome 
containing the end of the long arm of chromosome 11. The probe shown in F recognizes a long stretch of 
unique genomic sequences surrounding the aldolase C gene. 

protein content is clear since administration of flavopiridol prevents neuronal death in the 
vulnerable CAl region neurons, and intraventricular administration of flavopiridol in the 
focal ischemia reduced the size of infarct. 
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Human Disease 
The studies cited above provide solid evidence for the role of cell cycle events in the 

prosecution of neuronal cell death. What these studies also reveal is that a wide range of insults 
is able to induce a neuronal death that is associated with cell cycle reactivation. It seems only 
logical, therefore, that several neurodegenerative diseases have been found associated with an 
apparent induction of a cell cycle in the areas where neurons are lost. 

Alzheimer's Disease 
A key feature of the working hypothesis concerning the prohibition against a neuron 

reentering a cell cycle is that it applies from the moment a developing neuron leaves its neuro­
genic phase and persists until the death of the organism. This has led many laboratories to 
investigate the involvement of cell cycle events in a variety of neurodegenerative diseases. Of 
these, by far the best studied is sporadic Alzheimer's disease. Beginning with immunocytochemi-
cal evidence for the ectopic expression of a variety of cell cycle enzymes, nearly half a dozen 
laboratories have proposed that the neurons at risk for cell death in Alzheimer's disease reenter 
a cell division process before their death. The cell cycle proteins whose levels have been re­
ported to increase include cyclin D,̂ '̂̂ ^ cdk4,^^ PCNA,^^'^^ ^^y^^ g 33 cdc2^^^^ and Ki67.^ '̂̂ ^ 
In addition to these proteins whose presence is usually found only in actively cycling cells a 
number of studies have pointed out that several of the Cdk inhibitors are also present. These 
include pl6•'^^^^^ p21'^^^^ and p l05/° 

As is often the case with post-mortem human studies the available tissue is derived pre­
dominantly from individuals who died with advanced, if not end stage disease. This leaves 
open the possibility of several types artifact. For example, it is possible that the observed cell 
cycle changes are a rare but stable event that collects throughout the 10-year disease course and 
the quantitative prevalence that is seen in end-stage material is not representative of the contri­
bution of cell-cycle events to the overall disease pathology. Alternatively, it could be that cell 
cycling is only prevalent at the very end of the illness, once again leading to a false impression 
of its importance. To address this problem, have done a detailed quantitative analysis of the 
prevalence of cell cycle events in individuals who die with a diagnosis of mild cognitive impair­
ment (MCI). We adopted this approach because several studies have shown that a high per­
centage of individuals with MCI will progress to Alzheimer's disease (AD) within 3-5 years of 
diagnosis. ^ Thus many researchers view MCI as a prodromal stage of Alzheimer's disease. '̂ 
Using a battery of cell cycle protein antibodies, we found that in both hippocampus and basal 
nucleus there is a significant percentage of cell cycle immunopositive neurons in all MCI cases 
(Fig. IC, D). Indeed, the percentages turn out to be very similar to those found in Alzheimer's 
disease cases, and significantly higher than in cognitively intact controls. This means that cell 
cycle-related cell death is not a peculiarity of late stage disease and suggests that it represents a 
unifying disease mechanism. 

An important question raised by these studies is whether or not the appearance of this 
large collection of proteins has any functional meaning in terms of actual cell cycle progression. 
To date, only a single study has addressed this question in the human. Yang et al ^ performed 
fluorescent in situ hybridization using either large genomic probes to unique sites in the hu­
man genome or small probes to the highly repetitive DNA of the centromere of specific chro­
mosomes. The study showed that in two populations of nerve cells that are at risk for cell death 
in the CNS of the Alzheimer's disease brain (hippocampal pyramidal cells and the cholinergic 
neurons of the basal nucleus of Meynert) there were significant numbers neurons that showed 
evidence for three or four copies of each of these probes (Fig. IE), direct indication that DNA 
replication has occurred. This means that the ectopic expression of cell cycle protein was suffi­
ciently coordinated that a well-regulated S-phase ensued. Recent unpublished evidence from 
our lab suggests that the same process of cell cycle initiation occurs in engineered mouse 
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models of AD (Fig. IF). That said, recent data from adds an unusual wrinkle to the story. In 
a comprehensive analysis of the identity of the DNA polymerases that are involved these au­
thors found an induction of DNA polymerase-beta, typically associated with DNA repair, 
rather the replication polymerase, pol-delta. 

Stroke and Other Human Diseases 
As in the animal models of ischemia, postmortem studies of brain tissue in and around a 

stroke or ischemic event reveal evidence for the reexpression of cell cycle proteins such as PCNA, 
GADD34.^^'^^The timing of the appearance of these proteins strongly suggests that the initia­
tion of a cell cycle is an early event in the process leading to cell death. Cell cycle markers have 
also been detected in brains of patients with Parkinson's disease, in spinal cord samples from 
amyotrophic lateral sclerosis cases, in frontotemporal dementia, in Neimann Picks disease, in 
Picks disease, and in progressive supranuclear palsy.̂ ^ In an experimental in vivo model of 
Parkinsons disease, dying neurons of the substantia nigra express factors specific for G2, S and 
M phase of cell cycle. ̂ ^ Activation of cell cycle machinery has also been observed in vulnerable 
regions following a traumatic brain injury^ as well as several examples of infection induced 
neuronal loss, and other instances of neurodegenerative disease. Finally, recent evidence 
implicates cell cycle anomalies in both amyotrophic lateral sclerosis and the related SOD-1 
transgenic mouse model. ̂ ^ 

Conclusions 
The cells of the adult central nervous system appear to be in a continual struggle to hold 

their cell cycle in check. This is evident both from the virtual absence of neuronal cell division 
in the adult and from the apparent fate of those neurons that do try to divide. The losses of 
nerve cells in a variety of neurodegenerative conditions, including several human diseases, seem 
to be related by this common theme of attempted neuronal cell division. At a superficial level, 
it is almost as if the neurons retain a developmental 'memory' of their epithelial origins and 
following stress or 'wounding' of the CNS, a suppressed urge to repair the 'wound' by cell 
division ensues. This attempt would seem laudable on its surface - in a situation where neurons 
are dying, any effort to create new nerve cells should be welcome. But these good intentions on 
the part of the mature neurons have unintended consequences, and in the final analysis end up 
paving a very famous road that leads only to a worsening of the brain's condition. 
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CHAPTER 3 

The Role of Presenilins in the Cell Cycle 
and Apoptosis 

Mervyn J. Monteiro 

Abstract 

Alzheimer's disease (AD) is the most common cause of dementia in the elderly, affecting 
approximately 10% of individuals by 65 years of age and 47% by 85 years of age. 
Whereas the majority of AD cases appear to be sporadic, and occur in individuals that 

have no apparent family history, a small percentage of cases (-5%), termed early-onset familial 
Alzheimer's disease (FAD) arise in individuals at an unusually young age, with some develop­
ing disease in as early as the third decade of life. Molecular genetic studies have revealed that 
the majority of FAD are associated with dominant inheritance of mutations in three genes, one 
encoding the p-amyloid precursor protein (APP) on chromosome 21, and two encoding ho­
mologous proteins presenilin 1 and 2 (PSl and PS2) on chromosomes 14 and 1, respectively. 
The cause of late-onset AD appears to be much more complex, as several genes have been 
implicated as modifiers or risk factors for the disease.^ Although 100 years have elapsed since 
AD was first recognized as a separate disease entity, the last two decades have produced some of 
the most significant breakthroughs in our understanding of the disease. Despite this progress, 
the precise mechanisms that lead to the massive demise of neurons that characterize those 
afflicted with AD remain unresolved, and there is no known treatment to prevent or cure the 
disease. In this review, I will summarize information on the key proteins involved in AD pa­
thology, especially as it relates to apoptosis, followed by a more in-depth focus on the role of 
presenilins in cell cycle regulation and apoptosis. I will describe why an understanding of the 
misregulation of cell cycle events and apoptosis in AD may provide valuable insights for pos­
sible therapeutic interventions to prevent or cure the disease. 

Alzheimer's Disease Pathology 
Although Alzheimer's disease (AD) can be clinically diagnosed with --90% accuracy, the 

definitive test is the pathologic examination of brain at autopsy. Characteristic changes in the 
brain distinguish AD from other forms of dementia. Brains affected by AD contain a buildup 
of two lesions, neurofibrillary tangles (NFT) within nerve cells and extracellular plaques in 
areas important for memory and intellectual functions. Much of the research into AD focuses 
on how these two lesions are formed and whether they are the primary cause, or a secondary 
manifestation of the disease. The formation of NFTs and plaques appears to be caused by an 
interplay between a number of factors, including age, genes, and the environment. NFTs are 
composed principally of paired helical filaments (PHFs), which are assembled from the 
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microtubule-associated tau protein. Direct evidence that tau plays a role in neurodegeneration 
comes from molecular genetic studies of frontal-temporal dementia (FTD), a neurodegenerative 
disorder that shares several common features with AD: several different mutations have been 
mapped in both introns and exons of the tau gene are associated with FTD. '̂  

The principal protein that is deposited to form senile plaques is a proteolytic fragment of 
the P-amyloid precursor protein (APP). ' The normal function of APP, a single-pass trans­
membrane glycoprotein that localizes to the cell surface, is not fixUy understood. However, 
APP undergoes a complex pathway of protein trafficking and is proteolytically cleaved at mul­
tiple sites, producing various size fragments. One of these fragments, called amyloid-beta pro­
tein (AP), is the culprit that aggregates and forms the plaques that characterize AD. AP is 
generated by proteolytic cleavages at the extracellular domain by P-secretase and within the 
transmembrane domain by y-secretase. ̂  Most Ap fragments consist of the first 40 residues of 
AP (AP40), although slightly longer fragments consisting of residues 1 through 42 and 1 
through 43 (which are collectively referred to as Ap42 for simplicity), which are both more 
fibrillogenic and amyloidogenic than Ap, arise due to differences in cleavage at the 
COOH-terminal y-site. The P-site APP-cleaving enzyme (BACE) was recently identified as 
the major p-secretase, but the identity of y-secretase is more controversial. Several studies have 
indicated that y-secretase activity is, in large part, influenced by the expression of fiinctionally 
active presenilin proteins, which has lead to the suggestion that presenilins are y-secretase. ' 
However, direct evidence that presenilins possess y-secretase activity has not yet been demon­
strated. Clearly, understanding the pathway and mode of AP production should yield clues 
about how Ap fragments contribute to AD pathogenesis. However, at present, the precise 
mechanisms that regulate the production of Ap fragments are not fixlly understood, although 
certain agents (such as those that induce cell stress and those that elevate Ca"̂ ^ levels in cells) 
increase their production. 

Interestingly, cells that express presenilin genes with FAD mutations appear to alter the 
specificity and/or activities of y-secretase, such that the generation and accumulation of the 
longer and more amyloidogenic AP forms are favored. Other studies have indicated that the 
Ap fragments may, in fact, be generated as cell undergo apoptosis, and that certain 
FAD-associated mutations in APP genes may increase the susceptibility of APP proteins to be 
cleaved by certain caspases. It is also possible that calcium misregulation and/or apoptosis 
may be involved in AP production in AD, especially because both of these processes are linked 
to altered properties of APP and presenilin genes with FAD mutations. ̂ "̂ '̂ ^ Apart from the role 
that amyloid may have in AD pathogenesis, there are many other hypotheses regarding the 
etiology of AD. Due to space restrictions, only one of these, the role of presenilins in cell cycle 
regulation and apoptosis, will be discussed fiirther. 

Presenilin Structure and Function 
There are two presenilin genes (PSl and PS2) in mammals, and the two proteins they 

encode share G7% identity. PSl and PS2 mRNAs and proteins are widely expressed in a num­
ber of diff̂ erent human tissues, with high expression particularly noteworthy in human neu­
rons. There is some debate as to the exact topology and location of presenilin proteins in cells. 
However, most of the published data suggests that both proteins have eight transmembrane 
domains, that both proteins are localized to the endoplasmic reticulum (ER), where each is 
oriented with their N-terminal domains, a large loop spanning the sixth and seventh trans­
membrane domains, and C-terminal domains facing the cytoplasm.^ Fidl-length PSl and PS2 
polypeptides are 467 and 448 amino acids in length, respectively. Intact polypeptides for both 
proteins have been detected, in many cases, in human brain and in cell extracts.^ ' Quite 
frequendy, however, the presenilin proteins are proteolytically cleaved by an unknown protease 
at a site located in the loop, generating two smaller fragments. ̂ '̂  It has been suggested that the 
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cleaved presenilin products are the true functional presenilin components, however there is 
also good evidence to indicate that proteolytic cleavage is not required for presenilin activ­
ity. ' ' The exact biologic function of presenilins in cells is not well understood, although 
the genes that encode them have been genetically and phenotypically linked to proteins in­
volved in the Notch-signaling pathway and in apoptosis.̂ " '̂̂ '̂̂ ^ Molecular disruption of presenilin 
genes in mouse, Drosophila^ and C elegans results in abnormalities during embryo develop­
ment. In mouse, disruption of PSl, but not PS2, is lethal. However, disruption of both PSl 
and PS2 genes causes embryonic lethality at an even earlier stage than that produced by loss of 
PSl alone, suggesting that the two proteins may have somewhat overlapping functions.'^ '"̂ ^ 
Although presenilins clearly play a role in early development, their roles in aging, and the 
mechanism(s) by which FAD mutations cause AD, is not well understood. 

The Role of Presenilins in Apoptosis 
A common theme that has emerged from studies of presenilin proteins is that they are 

involved in apoptosis. An initial indication of this role emerged from a screen of cDNAs that 
were able to inhibit receptor-induced apoptosis in T-cells. Although the C-terminal frag­
ment of PS2 was recovered in this screen, subsequent studies indicated that the fragment acted 
in a dominant negative manner, because overexpression of full-length PS2 increased apoptosis. 
Several additional studies have indicated that overexpression of PS2 in both neuronal and 
dividing cells sensitizes the cells to apoptosis, and that expression of PS2 genes with FAD 
mutations are associated with even higher levels of apoptosis.^^'^ In many of these cells, it was 
necessary to challenge the cells with certain apoptotic stimuli, however in other cells, for ex­
ample HeLa cells, these apoptotic properties were manifested in the absence of any additional 
apoptotic stimuli.^' 

The underlying mechanism for how PS2 induces apoptosis in these systems is being clari­
fied. Results from several studies indicate that, as expected, the apoptosis induced by PS2 is 
associated with an increase in caspase activity, especially of caspase-3. In addition, an in­
crease in cytochrome C release from mitochondria, increased expression of the proapoptotic 
effector Bax, and lower expression of the anti-apoptotic protein Bcl-2 are seen during PS2 
induction of apoptosis.^ 

More recently, PS2 overexpression was shown to increase the level and transcriptional 
activity of the tumor suppressor protein, p53.'^^ It is well known that loss of functional p53 can 
lead to uncontrolled cellular proliferation, and that increases in p53 activity are induced by 
DNA damage and by certain forms of cellular stress that cause cell cycle arrest and/or apoptosis. 
The mechanism by which PS2 overexpression increases p53 activity is not yet known. The level 
of p53 activity in cells is exquisitely regulated, by post-transcriptional mechanisms such as 
occlusion of the p53 transactivation domain, ubiquitination and degradation of the protein by 
the proteasome, and shuttling of the protein between the cytoplasm and the nucleus.^^'^ It 
will be interesting to determine which, if any, of these mechanisms are affected by PS2 
overexpression. 

In contrast to what is known about PS2 and apoptosis, there is some debate about the 
involvement of PSl in apoptosis. Several studies suggest that PSl is also involved in apoptosis,^^' ̂  
but others suggests that it plays no such role. ^ The reason for this discrepancy is unclear but 
may be a product of comparisons in different cell types and/or the effects of different expres­
sion systems used in the studies. The studies that have indicated that PSl is involved in apoptosis, 
in general, have reported that FAD mutants, but not wild type proteins, cause cells to be more 
sensitive to apoptotic stimuli. 

This effect has been obtained in both primary and established neuronal cell lines, as well 
as a variety of nonneuronal cells. The mechanisms by which PSl FAD mutants sensitize cells to 
apoptosis closely parallel those implicated by PS2, although minor differences are found. As in 
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the case of PS2, overexpression of wild type PSl and FAD-llnked PSl mutations in Jurkat and 
human embryonic kidney (HEK) 293 cells enhance Fas-mediated apoptosis, with FAD mu­
tants exerting stronger enhancement of apoptosis compared to wild type PSl. ' Closer ex­
amination of the putative pathway by which apoptosis was induced in the cells indicated that 
Jun kinase (JNK) was in fact inhibited by wild type PSl but that FAD mutant PSl proteins 
stimulated an increase in JNK activity. ̂ ^ 

A different outcome was obtained by Kim et al who found that overexpression of both 
wild type and FAD mutant PSl proteins in B103 rat neuroblastoma cells inhibited 
H202-induced apoptosis, and that both wild type and mutant PSl proteins suppressed JNK 
activity. In a different study, primary cultured hippocampal neurons and rat pheochromocy-
toma (PC 12) cells were transiently transfected with adenoviral vectors expressing wild type and 
FAD mutant PSl proteins, and apoptosis together with cell signaling via protein kinase B 
(PKB also called Akt) was studied. PSl proteins containing FAD mutations, but not wild 
type PSl protein, enhanced apoptosis when overexpressed in either cell type. They further 
demonstrated that PSl FAD mutants decreased Akt activity and P-catenin levels in cells, while 
the activity of GSK-3p kinase was elevated. 

These findings are in accord with the downstream signaling pathway of Akt. Akt activa­
tion increases phosphorylation of GSK-3P kinase, causing inhibition of the latter kinase. 
This inhibition compromises the ability of GSK-3P kinase to phosphorylate p-catenin, and as 
a result of the lack of this modification, P-catenin is not targeted for degradation by the 
proteasome. An accumulation of P-catenin in cells leads to the translocation of the protein 
into the nucleus, where, in combination with lymphoid-enhancing factor 1 and T cell tran­
scription factors (LEF/TCF), it transactivates genes such as cyclin D and myc that are involved 
in cellular proliferation. '^ Therefore, as expected, inhibition of Akt by PSl FAD mutants pro­
duced the opposite effect, decreasing P-catenin levels in cells. In fact, earlier evidence indicat­
ing that FAD PS 1 mutants destabilize p-catenin was obtained by Zhang et al who demon­
strated by pulse-labeling studies that the turnover of P-catenin was dramatically increased in 
cells stably expressing FAD mutant PSl proteins but not in cells expressing wild type PSl 
proteins. The authors also demonstrated that loss of p-catenin in neurons leads to an increase 
in the cells' vulnerability to apoptosis induced by Ap protein. Interestingly, the authors also 
found that P-catenin levels were reduced in brain lysates from FAD mutant PSl carriers but 
not in brain lysates from patients with sporadic AD. ^ 

Several subsequent studies have supported the idea that FAD PSl and PS2 mutants cause 
increased turnover of p-catenin, '̂̂ ^ whereas another study suggested that PSl FAD mutations 
decrease p-catenin turnover. The discrepancy in some of these reports could be due to tech­
nical difficulties in measuring p-catenin levels in cells, especially because P-catenin is found in 
two fractions, a soluble and E-cadherin (membrane)-bound fraction (see re£ 52). Importantly, 
loss of PSl expression in cells leads to increased accumulation of P-catenin indicating that 
presenilin proteins do indeed play an important role in controlling the accumulation of this 
protein (see below). 

Although presenilin FAD mutants may destabilize P-catenin by inhibiting Akt and 
GSK-3p-mediated phosphorylation, as suggested above, the connection between PS FAD 
mutants and the turnover of P-catenin is likely to be more complicated because presenilin 
proteins and p-catenin are thought to bind to one another and form high molecular weight 
complexes.^ '̂ ^ A further complicating factor is that presenilin proteins are thought to bind to 
cell adhesion sites that contain membrane-associated p-catenin and E-cadherin. Clearly, 
understanding the mechanism by which presenilin proteins modulate p-catenin degradation, 
and whether the modulation of P-catenin levels affects signaling or some other cell function 
may be particularly informative with respect to AD. 
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Presetiilins Apoptosis and the Calcium Connection 
Another well-studied aspect of presenilin biology is their involvement in calcium regula­

tion.'^'^^ Such a connection was first hypothesized after the discovery that presenilin proteins 
share weak structural homologies with Ca'^^-channels.^^ In addition, defects in calcium regula­
tion were noticed in cells cultured from individuals harboring mutations in presenilin proteins, 
even before the presenilin genes were linked to AD. ^ The cultured presenilin FAD-mutant 
fibroblasts had elevated receptor-mediated calcium responses when challenged with agonists. 
Subsequent transgenic and knockout studies of presenilin genes have confirmed that this, and 
other aspects of calcium signaling, are perturbed in cells that bear FAD presenilin mutations. 
Overall, these studies have indicated that FAD presenilin mutations potentiate inositol 
1,4,5-triphosphate (Ip3)-mediated calcium release,^^''^^ and that presenilin proteins with FAD 
mutations appear to have defects in capacitative calcium entry (CCE), the mechanism by which 
depleted internal calcium stores are replenished. ' 

Additional circumstantially evidence linking presenilin proteins to calcium regulation comes 
from the demonstration that presenilin proteins bind three different calcium-binding proteins: 
calsenilin, calmyrin and sorcin. ^ Coexpression of calmyrin or calsenilin with presenilin pro­
teins potentiates apoptosis induced by the presenilins.^'^^ Because calcium plays a central role 
in biologic processes, it is not surprising that proper regulation of calcium is crucial for cell 
survival. The misregulation of calcium homeostasis induced by presenilin FAD mutations 
may be the underlying cause that sensitizes cells to apoptosis.'^ Consistent with this hypoth­
esis, overexpression of a calbindin D28, a calcium-buffering protein suppressed apoptosis in­
duced by presenilin genes.^^ Therefore, it will be important to confirm that calcium-signaling 
defects are the underlying cause by which FAD mutations in presenilin genes cause !\D. 

Presenilins and the Ceil Cycle 
The discovery that presenilin proteins are involved in apoptosis prompted us to examine 

if the proteins were also involved in regulation of the cell cycle, since these two processes appear 
to be regulated, in part, by common factors.'^''^^ The fact that presenilin genes are ubiquitously 
expressed suggests that studies of the expression of the proteins in cells other than in neurons 
could be important. In earlier studies, we found that overexpression of PS2 in HeLa cells 
induced apoptosis, and that expression of the FADPS2 (N141I) mutation enhanced apoptosis.^^ 
By BrdU labeling studies, we found that overexpression of PSl or PS2 proteins in dividing cells 
arrested cells in the Gi phase of the cell cycle, and that FAD PS land PS2 mutations potenti­
ated the cell cycle arrest.^^' Similar BrdU labeling studies in HEK cells confirmed that the 
proteins induce cell cycle arrest.^^ Interestingly, a comparison of the levels of cell cycle arrest 
produced by overexpression of three different FAD PSl mutants, which are associated with 
different ages of onset of AD, ' showed a trend between age of onset and degree of cell-cycle 
arrest, with the most aggressive mutant (PI 17L, which causes disease as early as 27 years of 
age"̂ )̂ producing the highest degree of cell cycle arrest and the least aggressive mutant (E280A, 
which causes I^ between the ages of 45-54 years) producing the lowest degree of arrest. 
Immunoblot analysis of proteins in these transfected cell lysates indicated that overexpression 
of wild type and mutant presenilin proteins were associated with decreased levels of (J-catenin,^ 
but not with substantial changes in the levels of other cell cycle-regulated proteins, such as, 
p53, c-Myc, Rb, p21, and p27.^^ Although it is not known if there is any relationship between 
the cell cycle alterations produced in these overexpression studies and AD, several aspects about 
presenilins, M^y and the cell cycle merit further discussion. 
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First, the modulation of P-catenin levels by presenilin proteins may be directly related to 
the cell cycle and apoptotic effects produced by presenilin proteins, p-catenin levels oscillate in 
dividing cells, peaking at the G\IS phase boundary of the cell cycle/^ In an elegant study, 
Orford et al̂ ^ demonstrated that an elevation in p-catenin levels was crucial to drive cells from 
the Gi phase of the cell cycle into S. Moreover, they found that an elevation in P-catenin levels 
produced by transgenic expression of the protein, acted as a potent inhibitor of apoptosis. 
Thus, the arrest of dividing cells at Gi conferred by overexpression of presenilin proteins may 
be due to the increased instability of p-catenin and failure of the protein to reach a critical 
threshold necessary for enabling cells to cross from G\ into S phase. By contrast, a decrease in 
p-catenin levels would be predicted to increase the susceptibility of the cells to apoptosis. 

Second, the function of a protein can sometimes be revealed by where it localizes within 
cells. The presenilins have been localized to the ER and plasma membrane. However, Li et al̂ ^ 
reported that in fibroblasts the proteins are also localized to centromeres and centrosomes. The 
authors proposed that because centromeres and centrosomes are important for chromosome 
segregation, FAD mutations in presenilins might increase chromosome missegregation leading 
to apoptosis.^^ This hypothesis is based on other studies that have demonstrated that chromo­
some missegregation and aberrant mitosis increase during aging.^^ Interestingly, chromosome 
missegregation and trisomy 21 mosaicism were indeed found to be elevated in fibroblasts cul­
tured from AD patients.^^ 

Third, there is also growing evidence that presenilins are directly involved in the control 
of cell proliferation. In contrast to the cell cycle arrest induced by overexpression of presenilins, 
hyperplasia and neoplasia have been associated with loss of presenilin expression in epithelial 
cells of transgenic mice.^^ As described previously, disruption of the murine PSl gene (in PSl-/-
knockout mice) causes death shordy after birth. ' Interestingly, transgenic expression of human 
PSl under the control of the Thy-1 promoter rescues PS I-/- mice, allowing them to survive to 
adulthood.^ It appears that the mice survive by rescue of PSl expression, driven by the Thy-1 
promoter, in neurons, and possibly other cell types. However, the Thy-1 promoter fails to drive 
PS 1 expression in skin, a tissue where PS 1 is normally expressed. The consequence of the loss 
of PSl expression in skin produces uncontrolled cellular proliferation, frequently resulting in 
neoplasia. Moreover, cultured keratinocytes from the rescued mice have elevated levels of 
P-catenin and cyclin D l . These results suggest that presenilin proteins may function as a tumor 
suppressor protein in certain cell types: whereby loss of PSl expression leads to uncontrolled 
growth, and overexpression of PS 1 or PS2 induces cell cycle arrest. 

Fourth, the level of presenilin expression in neuronal cells appears to regulate neuronal 
differentiation and neurogenesis. Recent studies of wild type and mutant presenilin genes 
in mice have indicated that presenilin genes harboring FAD mutations, but not wild type 
proteins, are compromised in neurogenesis.^^ If FAD presenilin mutations in humans produce 
similar manifestations in neurogenesis, then dying neurons in brain may not be replenished, 
which might lead to AD. 

The above results indicate that the levels of presenilin proteins must be tightly regulated 
in cells, especially because uncontrolled expression of the proteins produces dramatic changes 
in the phenotype or survival of cells. Interestingly, overexpression of PSl in cells leads to the 
down-regulation of PS2 and vice versa, indicating that the two proteins are coordinately regu­
lated by a set of limiting cellular factors.^^ The identification of factors that regulate presenilin 
levels is therefore of considerable interest. Two factors that regulate presenilin levels are p53 
and ubiquilin.^ '̂̂ "^ Overexpression of p53 causes the down-regulation of PSl,^^'^^ whereas 
overexpression of ubiquilin increases PSl and PS2 levels.̂ "̂  Clearly it will be important to 
understand how presenilin protein levels are regulated in cells as this could lead to important 
insight into their role in cancer and AD. 
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Do Presenilin Genes Have Dual Functions in Cellular Proliferation 
and Aging? 

To date, at least 75 different missense FAD mutations have been mapped in PS 1 and at 
least 6 FAD mutations have been mapped in PS2. It is both curious and intriguing that the 
presenilin genes are "hot-spots" for mutations that cause AD given what is known about their 
functions. It is possible that these two genes have dual, perhaps even unrelated, functions, such 
as involvement in cell proliferation as well as in aging. A shift in the balance between these two 
states might lead to disease. A recent study of p53 illustrates the consequences of altering the 
balance in the activity of a key cellular protein. A mutant p53 protein was found to confer 
resistance to spontaneous tumors, but unexpectedly it also accelerated aging in mice. This 
result indicates that cells contain regulatory proteins that serve dual roles, in mitogenic control 
and aging, and that a shift in the exquisite balance between these two states would accelerate 
one process over the other. In the case of presenilins, there is now good evidence that indicates 
that the level of presenilin expression can dictate whether a cell proliferates or dies: too little 
expression leads to proliferation in certain cells whereas too high expression causes cell cycle 
arrest or apoptosis. Because FAD mutations in PS 1 and PS2 genes potentiate cell cycle arrest, 
we speculate that AD might be caused by an imbalance in mitogenic and aging-associated 
activities of presenilin proteins. Alternatively, FAD mutations in the presenilin genes could 
arise due to evolutionary pressures that select for proteins that confer resistance to certain 
forms of cancers (e.g., melanomas, given that overexpression of presenilin genes in keratinocytes 
leads to cell cycle arrest and loss of expression in keratinocytes causes hyperproliferation) but 
the detrimental consequence is they cause early-onset AD. Epidemologic studies that examine 
the incidence of certain cancers (e.g., melanomas) in families that carry FAD presenilin muta­
tions could help to validate this hypothesis. 

Apoptosis and Alzheimer's Disease 
Although many studies have indicated that FAD mutations in presenilin genes increase 

the susceptibility of cells to apoptosis, the relevance of this phenomenon to AD pathogenesis in 
humans is as yet unknown, because most of studies have been performed in vitro. Besides the 
presenilins, there is growing evidence that also suggests that FAD mutations in APP also in­
crease cell vulnerability to apoptosis. ' ' These and other studies have lead to a growing 
appreciation that apoptosis may be a common mechanism associated with the loss of neuronal 
and nonneuronal cells not only in AD, but also in several different neurodegenerative disor­
ders. Considering that the time course of AD progression can vary from a few years to as 
many as 20 years (with an average duration of 10 years), the massive loss of neurons that is a 
characteristic of AD-afflicted brains is expected to proceed over an extended period of time. 
The estimated frequency of cell loss at any given time during AD is predicted to be approxi­
mately 1 to 4 per 10,000 cells.^^ Because apoptosis is a relatively rapid process (taking 8-24 
hours), leaving behind little trace of its occurrence, the frequency of finding cells undergoing 
apoptosis in brain is expected to be quite rare. Carefiil examination of brains after autopsy for 
signs of apoptosis have begun to provide compelling evidence that apoptosis is increased in AD 
brains compared with nonafflicted control brains from individuals not afflicted with AD. 
These results have indicated that several markers of apoptosis, such as nuclear DNA fragmen-
tation,^^^'^^ activation of caspases,^^ '̂̂ ^^ and proteins involved in cell death cascades,̂ ^ '̂̂ ^^ 
are elevated in AD brains, and that they occur at the expected frequency for ND progression. 
Still, additional studies are needed to determine the underlying causes that trigger these cells to 
succumb to this apoptotic fate. Studies are also needed to clarify whether patients with FAD 
mutations in presenilins and APP genes have increased apoptosis, as might be expected from 
the predictions obtained in cell culture. 
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Finally, other chapters in this book outline the involvement of cell cycle abnormalities in 
AD-afflicted brains. The challenge for the future will be to integrate the multitude of findings 
that are quickly emerging on AD into a coherent picture so that the etiology of AD becomes 
clear. Only then can rational therapies be devised to treat and/or cure this devastating and 
dehumanizing disease. Given the remarkable progress that has been achieved so far, it will not 
be long before this goal is reached. 
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CHAPTER 4 

Cell Cycle Activation and Cell Death 
in the Nervous System 

Zsuzsanna Nagy 

Abstract 

The discovery of the cell division cycle opened new avenues for the understanding of 
cancer as well as in the search for therapy. However, the implications of the discovery 
had a more profound effect on biological research than anticipated at the time. We can 

now clearly distinguish between the activation of the cell division cycle and cell division itself 
We also have closer understanding of the differences between senescence, quiescence and ter­
minal differentiation. Furthermore the elucidation of the mechanisms that regulate the cell 
cycle also means that we have now begun to understand the mechanisms that link cell division 
and cell death. 

Introduction 
Classically the cell cycle is regarded as the pathway leading to cellular proliferation. In 

most cells, both in vivo and in vitro, the activation of the cell cycle by mitogenic factors leads to 
DNA replication (S phase) and to mitosis (M phase) (Fig. 1). The unhindered progression of 
the cell through the phases of cell cycle is tightly controlled by the sequential activation of 
cyclin/cyclin dependent kinase complexes. This is dependent upon the sequential expression of 
the catalytic cyclin subunits (Fig. 2) and the expression of cyclin dependent kinase inhibitors 
(CDKI - Fig. 1) (reviewed in ref 1). The expression of CDKIs is triggered in the presence of 
differentiation factors that are cell-type dependent. DNA damage can also lead to the expres­
sion of these molecules, leading to cell cycle arrest to allow for DNA repair or cell death (Fig. 1). 

Apoptosis is a highly conserved mechanism of active cell death that is involved in the 
development of tissues and organs. The phenomenon was first recognised, as distinct from 
necrosis by its morphological characteristics (reviewed in ref 2). It emerged later that this cell 
suicide programme is more that just a developmentally regulated event, shaping embryonic 
organs, but it plays a vital role in the maintenance of tissue homeostasis in the adult organism. 
Furthermore, it appears that it is this mechanism that plays a pivotal role in many disease 
conditions, making it one of the most desirable targets for therapy. The molecular regulators of 
apoptosis are members of the bcl-2 protein family. Some members of the family (such as bcl-2, 
bcl-xL) suppress apoptosis while others (Bax, Bak and Bik) are able to induce it. Since different 
members of the family form hetero- and homodimers inhibiting one other the fate of a cell will 
depend on the ratio between these proteins. The downstream executioners of the apoptotic 
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Figure 1. The regulation of the cell division cycle. G0= resting or quiescent phase; Gl= fist gap phase; S= 
DNA replication phase; G2= second gap phase; M= mitosis. Cy= cyclin; CDK= cyclin dependent kinase. 
Arrows= initiation; flat arrows= inhibition. 
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Figure 2. The expression pattern of the cyclins during the cell division cycle. 

process are the caspases, a set of enzymes that function together to form proteolytic cascades 
that are capable of autoactivation and ultimately lead to the breakdown of the cellidar struc­
ture. The chain of events that link the two groups of molecules, the regulators and execution­
ers, is still matter of debate.^ 

The links between cell division and apoptotic cell death have been extensively documented 
originally in cancer and in developmental studies. It became evident however, that this rela­
tionship is equally important in degenerative diseases of the central nervous system. 
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Figure 3. Apoptosis and the cell division cycle during development. 

Cell Cycle and Apoptosis in the Developing Nervous System 
Although the death of a large proportion of neurones in the developing brain may appear 

wasteful, programmed cell death (apoptosis) is a necessary part of brain patterning, just as 
important as the preceding division of the neuronal progenitors, the waves of migration, differ­
entiation and synaptogenesis. The interplay between these cellular phenomena is complex and 
far from elucidated. 

During the development of the central nervous system the arrest of the last cell division 
cycle coincides with the beginning of terminal differentiation of neurones (Fig. 3, reviewed in 
refs. 5,6). The absence of cell cycle inhibitory cues lead to the lack of programmed cell death 
and results in a highly disorganized brain structure^'^ while the forced and untimely arrest of 
the cell division process in the developing nervous system induces massive cell death and severe 
dysfunction.^'^ ^ These findings indicate that the negative regulation of cell division in neuronal 
precursors represents the first step towards the final brain patterning and it is necessary for the 
differentiation and survival of specific populations of central nervous system neurons.^ '̂̂ ^ 

The induction of cell cycle arrest in the G1 phase in neuroblasts leads to increased sensi­
tivity and responsiveness towards differentiation factors. The induction of p21 cip 1, and cyclin 
dependent kinase inhibitor, is necessary for NGF dependent differentiation.^"^' ''^ However, 
p21cipl on its own it is not sufficient to induce neuronal differentiation. Additionally, the 
expression of proteins necessary for synaptic growth and plasticity in adulthood plays an im­
portant role in cell cycle arrest and differentiation of neuronal progenitors. Furthermore, the 
well-documented anti-apoptotic function of the bcl-2 protein, ' which is also involved in 
neuronal differentiation and axonal growth and regeneration, is associated with a cell cycle 
inhibitory effect in dividing cell populations. The cell cycle control function of the bcl-2 pro­
tein is related to its ability to induce Gl arrest via the p27kipl pathway. Interestingly the 
withdrawal of trophic support from differentiated neurones leads to the reactivation of cell 
cycle and subsequent apoptotic death. These cells are efficiently rescued by the expression of 
CDKIs.^5,23 

It is also apparent that in the developing nervous system the apoptotic pathways inducible 
in resting or actively proliferating neuronal cells appears to be different, requiring the activa­
tion of different regulatory pathways."^ ' 

While the involvement of cell cycle arrest in apoptosis in the developing brain is well 
established the role of these phenomena in the adult brain are still debated. There is more and 
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more emerging evidence however, that conditions affecting cell survival may initiate the reen­
try of neurones into the cell division cycle and result in subsequent cell death. 

Iatrogenic Neurodegeneration 
The vulnerability of neuronal precursor cells to cancer therapy is a long known phenom­

enon. It is also becoming more widely recognised that cancer therapies affect the adult central 
nervous system as a whole often leading to cognitive impairment in patients treated for both 
CNS and nonCNS cancers."^ This deleterious effect̂ '̂̂ ^ might become the dose-limiting 
factor in their use for cancer therapy. 

Similar to the developing brain,^^ neuronal precursors in the dentate gyrus^^ and in the 
subeppendimal layer of adult animals shows increased apoptosis after radiation. Although 
gamma irradiation induced neuronal cell death does not seem to require the presence of p53, 
neurogenesis is delayed in the presence of this protein after DNA damage,^ indicating that 
irradiation-induced death and reduced proliferation of neuronal progenitors are closely linked 
phenomena. In contrast to this, the apoptotic death of differentiated neurones induced by 
ionising radiation does not seem to be mediated by cell cycle reentry and subsequent mitotic 
catastrophe but is associated with persistent DNA damage and activation of caspases.^^ It is a 
promising discovery that radiation-induced neuronal death can be prevented by tetracycline 
derivatives. The precise mechanism of action by which these drugs exert their neuroprotective 
effects is not known, but they seem to affect both cell proliferation and survival.^^ 

In contrast to ionising radiation other DNA damaging agents, such as UV radiation and 
cytotoxic drugs, induce neuronal death via the activation of the cell division cycle and the cell 
death follows a mitotic catastrophe that can be prevented by cyclin dependent kinase inhibi-
tors.'5'3« 

The mechanism by which cytotoxic drugs may effect cognition are not documented by 
post-mortem human studies, but recent evidence indicates that some cytotoxic drugs, such as 
cisplatin, induce cell cycle arrest and apoptosis in dorsal root ganglion cells in vivo. 

Interestingly while cyclophosphamide seems to affect the healthy nervous system adversely 
there are studies indicating that after injury, ischaemic or mechanical, the use of cyclophospha­
mide actually prevents delayed neuronal damage. ' 

Neurodegenerative Disorders 
The discovery of cell cycle related events in the pathogenesis of chronic neurodegenerative 

disorders opened new lines of enquiry in neuroscience. There is still much debate and con­
troversy, but the number of studies examining the role of cell cycle in the formation of specific 
pathologies and related cell death in the brain is increasing. 

Alzheimer's Disease and Related Dementias 
The search for the cellular processes underlying the formation of Alzheimer-type pathol­

ogy took an unexpected turn, when cell cycle regulatory proteins have been found to be in-
volved.̂ ^-^7 

The initial finding of nuclear Ki-67, cyclin E and cyclin B indicated that neurones may 
reenter the cell division cycle even if they are not capable of actual mitosis. ' ' The general 
distribution of the cell cycle related protein expression and its relationship to either tau phos­
phorylation or apoptosis related proteins^^'^^ lead to the formulation of the cell cycle hypoth­
esis for the pathogenesis of AD.̂ "̂  This hypothesis postulates that neurones in the adult central 
nervous system are not terminally differentiated and they are capable of reentering the cell 
division cycle. ̂ ^ The cell cycle reentry on its own is not necessarily a harmful process, since the 
early arrest of the cell division cycle might be followed by redifferentiation without any 
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functional consequences.^^ However, the progression of the cell division cycle into later phases 
will necessarily mean that differentiation is not possible any longer. Cells arrested in the late G2 
phase of the cell cycle may either undergo programmed cell death or, if they survive, they will 
produce the typical Alzheimer's type pathology. The hypothesis, as formulated at time, posed 
several questions. What are the factors that act as mitogenic stimuli for the neuronal popula­
tions affected in AD? Why is cell cycle progression allowed into the late, G2 phase? What is the 
exact chain of events that occurs from the moment of mitotic stimulation in the affected 
neurones? Why do some neurones develop AD-type pathology as a result of cell cycle progres­
sion while some others just die? 

Subsequently several cell cycle related proteins were studied in relation to AD-type pa­
thology and neuronal death '̂ '̂̂ ^ in an attempt to understand the process. 

Neuronal populations vulnerable to the development of Alzheimer-type pathology are 
those that retain a high synaptic plasticity in the adult brain. These neurones retain imma­
ture features and are not fully differentiated. This in turn allows their reentry into the cell 
division cycle if differentiation control fails. ^ This hypothesis is well supported by the ob­
served pattern of synaptic remodelling in the adult brain and the expression of cell cycle-related 
proteins in Alzheimer's disease (AD). ' ' It appears therefore that the high plasticity of these 
neuronal populations is a necessary prerequisite for cell cycle reentry in neurones. Therefore, 
genotypic or environmental factors affecting synaptic plasticity will inadvertently have an ef­
fect on the development of Alzheimer's disease. It has been shown that the ApoE4 genotype, 
which is a risk factor for Alzheimer's disease, is indeed associated with reduced neuroplastic 
capacity of neurones. The activity dependent nature of self-organisation of the brain struc­
ture may explain the link between low education and an increased prevalence of Alzheimer's 
disease. Additionally the known differentiating effects of estrogens and thyroid hormone and 
their contribution to synaptic stability may explain the protective effect of these hormones 
agamst AD.^^'^^ However, since cell cycle reentry on its own is not enough to cause Alzheimer's 
disease, morphodysgenesis as the trigger for cell cycle reentry, appears to be a only a prerequi­
site which on its own is not sufficient to cause the disease. 

The difference between the healthy aging and AD is the extent of cell cycle progression 
rather than cell cycle reentry.̂ '̂̂ ^ Our initial findings support this view, together with other 
studies, indicating that markers of the late phases of the cell cycle ' ^ and DNA replication^^ 
precede the development of AD-type pathology. This suggests that the leap from healthy age­
ing to AD is the moment when neurones bypass the Gl/S restriction point pointing to a 
possible regulatory fault at this checkpoint. The expression pattern of cell cycle regulator pro­
teins of the Gl/S transition has been examined in detail. Various studies indicate that these 
proteins are expressed in neurones in !^ brains and are mostly associated with AD-type pa­
thology. '̂ The development of AD-type amyloid and tau pathology were linked to the late 
G2 phase of the cell cycle.'̂ '̂ Therefore the finding of Gl inhibitor CDKIs associated with 
AD-type neuritic pathology in itself suggests that although these inhibitors are expressed in 
neurones, they are not sufficient to arrest the progression of the cell cycle. Another aspect of 
this association may be that the expression of these inhibitors rescues neurones from cell death 
allowing time for the development of AD-type pathology. In this context the accumulation of 
AD-type phospho tau may be a sign of neuroprototective mechanisms that prevent the rapid 
apoptotic death of neurones that have reentered the cell cycle. This is further supported by 
the findings that the number of neurones that actually show signs of active apoptosis in AD is 
very small '̂̂ '̂̂  despite of extensive DNA fragmentation. More detailed studies indicate that 
neurones either do not posses or do not activate the caspases responsible for the execution of 
the apoptotic cascade. This would explain the survival of neurones that have progressed in late 
phases of the cell cycle and the chronic long-lasting nature of AD. '̂ ^ Additionally it further 
justifies the discrimination between apoptosis and of the slow agonising death of neurones. 
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Figure 4. The neuronal division cycle in Alzheimer's disease. 

aposkiesis/^ seen in neurodegenerative diseases. It is another question how long can these 
^protective' mechanisms prevent neuronal death. 

The finding of D N A replication^^ in A D neurones raises further issues. The 'comfort' of 
our original hypothesis postulating that the arrest of the cell cycle at the end of G2 in neurones 
might be due to the lack of D N A replication is lost, and the question of why neurones do not 
go though mitosis proper remains to be answered. One proposed explanation is that the cyclin 
dependent kinases are not translocated into the nucleus to drive the division cycle beyond the 
G2/M boundary. "̂  Contrary to this hypothesis we find that even when the G2-related proteins 
are expressed in the nucleus mitosis does not occur. It is possible to speculate therefore, that the 
G2 arrest is due to incomplete D N A replication or extensive D N A damage in these cells. 
While the former cannot be answered with certainty at the moment the latter possibility is 
supported by growing evidence that links A D and oxidative D N A damage.^^ 

Most of the initial cell cycle research has been done on sporadic cases, but there is growing 
evidence that this pathway is not restricted to this form of Alzheimer's disease. Presenilins (that 
play a pivotal role in the development of FAD in a small number of cases) also effects neuronal 
proliferation and survival. ' It is believed that beta-amyloid itself may play a role in initiating 
cell cycle reentry and contributing to neuronal pathology in families carrying the APP muta-
tions.̂ '̂ '̂ ^ Additionally microglia activated by the aggregated beta-amyloid may release poten­
tially mitogenic factors that contribute to the mitogenic reentry of neurones^ (Fig. 4). 

There is also evidence that ischaemia induced delayed neuronal death is due to the activa­
tion of the cell cycle, mediated by the loss of CDKI fiinction in vivo. Animal studies indicate 
that cyclin D expression precedes experimentally induced ischaemic neuronal death. Simi­
larly the phosphorylation of the retinoblastoma protein is altered by transient brain ischaemia 
probably representing a further step in the mitogenic signalling towards cell death.^^ In vitro 
studies also confirm that sublethal hypoxia may promote cell division-like phenomena.^ '̂ ^ 
While in acute hypoxic stress the activation of cell cycle may trigger neuronal death,^ in case of 
sublethal stimulus the rapid expression of cell cycle inhibitors, such as p53 and p21cipl , may 
prevent cell death.^'^ 

The finding of a common pathogenic pathway for Alzheimer's disease and cerebro-vascular 
disease is not entirely unexpected. It is well known that the two diseases very often (about 20% 
of all demented patients) occur together. In patients where both pathologies are present the 
amount of Alzheimer-type pathology is significantly reduced relative to those without any 
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Figure 5. The neuronal cell q ĉle in cerebrovascular disease. 

vascular component,^®'^^ indicating that the AD-type degeneration and ischaemia-induced 
cell death represent alternative outcomes of the same cellular process * (Fig. 5). 

Temporal Lobe Epilepsy 
The massive cellular fallout in temporal lobe epilepsy is a long recognised consequence of 

the sustained seizure activity. While the consequences of neuronal death and glial scaring 
have been assessed extensively little was known about the mechanisms that lead to seizure-
related neuronal death. Less than a decade ago animal studies indicated that neuronal death 
associated with status epilepticus is due to apoptosis,'^^ however it took another year until 
apoptosis, as a means of neuronal death in the adult nervous system, has been proved. ̂ ^ 

Studies in human biopsy material indicate that the neuronal death in temporal lobe epi­
lepsy is also associated with the expression of cell cycle-related proteins. '̂ ^ Seizure activity 
itself is capable of triggering cell cycle reentry in neurones ̂ ^̂  and promotes the progression of 
the cell cycle into its late G2 phase. ^ Moreover the seizure activity increases the ratio of Bax/ 
Bcl-2 favouring apoptosis rather than redifferentiation or survival of the neurones.^ In ani­
mal models of epilepsy exitotoxic stimuli induce cell cycle reactivation and cell death. '̂  ' ^̂  

In patients where epilepsy is successfully controlled by drugs the number of neurones that 
express the G2 specific cyclin B are negligible although the early phase cyclin E is present in 
numbers comparable to that found in patients suffering from intractable temporal lobe epi­
lepsy. ^ This is hardly surprising if we take into account the anti-apoptotic effect of the 
anti-epileptic drugs that elevate the expression of bcl-2. 

It is also interesting that electroconvulsive therapy (ECT) may also trigger cell cycle reen­
try in certain vulnerable brain regions. ̂ ^̂  The possible interpretation of these findings how­
ever, is not equivocal. Whether the ECT indeed induces neurogenesis or it contributes to 
neuronal dysfunction and possibly death^ ̂ ^ via a cell cycle related pathway is another issue that 
remains to be explained. 

In summary it appears that the reactivation of cell division like phenomena is a common 
pathway that leads to neuronal death (apoptosis or aposklesis) or specific cellular pathology in 
various neurodegenerative conditions. Although cell cycle re-entry is a common 
neurodegenerative pathway the outcome of the process varies depending on the genetic and 
epigenetic factors involved. As we unravel these determining factors it is becoming realistic to 
envisage that the discovery of links between the cell cycle and cell death in neurodegenerative 
disorders might hold the key to the future of an early diagnostic method^ ̂ '̂̂ ^̂  and treatment. 
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A Few Words of Caution 
The reader might have noticed the omission of cdk-5 from this review despite its role in 

central nervous system patterning and in neurodegenerative conditions, such as Alzheimer's 
disease. This is not to diminish the role of this kinase in physiological and pathological condi­
tions. Far from it. The scope of this chapter was to review the link between the activation of the 
cell division cycle and cell death in the nervous system. Despite its very suggestive name that 
leads to confusion sometimes, cdk-5 is not a cell cycle-related protein. The name is due to its 
homology to cdk-1. However, it was quickly identified as not playing a role in cell cycle control 
(reviewed in ref 114). Therefore, without wishing to dismiss the role of cdk-5 in development 
or neurodegeneration, I had to refrain from discussing this molecule in order to fit in with the 
scope of this chapter. 

There are increasing number of studies claiming that neurogenesis is possible in the adult 
central nervous system^ ̂ '̂̂  some even raising hope for brain ^rejuvenation.^ ^ Most of these 
claims are based on the evidence that these neurones are able to replicate their DNA. The 
discovery of the cell cycle and a more thorough understanding of the regulatory mechanisms 
impose a strict distinction between DNA replication and cell division. DNA replication indeed 
precedes mitosis but mitosis does not always follow DNA replication. This means that BrdU 
incorporation in neurones does not necessarily indicate neurogenesis. As much as I am opti­
mistic about possible treatments for dementia, in the short term I believe in preventing cell loss 
rather than hope that neurones can be replaced. 
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CHAPTER 5 

Cell Cycle and Chromosome Segregation 
Defects in Alzheimer's Disease 

Huntington Potter 

Abstract 

D espite a common set of hallmark neuropathological lesions and clinical symptoms, 
Alzheimer's disease has an apparently complex etiology. The disease can be caused by 
autosomal dominant mutations in at least three genes (encoding the amyloid 

precursor protein (APP) and the two presenilins). In addition, it can be influenced by certain 
allelic variants of at least three "risk factor" genes (apolipoprotein E, antichymotrypsin, and 
interleukin-1), or may arise "sporadically" with no evident genetic component. In the end, as 
many as 30-40% of individuals over the age of 85 may have some symptoms of Alzheimer's— 
underscoring the fact that age itself is the strongest risk factor for the disease. 

It has been known for almost twenty years that individuals with trisomy 21 (Down syn­
drome) exhibit Alzheimer neuropathology by the time they are 30-40 years old. Somewhat 
later, they also develop dementia, and eventually die of Alzheimer's disease. Because the gene 
for amyloid precursor protein (APP) resides on chromosome 21, its consequent overexpression 
in trisomy 21 cells presumably contributes to the development of Alzheimer's disease in Down 
syndrome individuals. 

The connection between Down syndrome and Alzheimer's disease and the application of 
Occam's Razor led me to hypothesize that many cases of classical Alzheimer's disease—both of 
the genetic and late-onset, sporadic forms—might similarly be caused by chromosome 
mis-segregation leading to a small number of trisomy 21 cells developing during the life of the 
affected individual. 

In this chapter, I will consider evidence from several laboratories that defects in mitosis, 
and particularly in chromosome segregation, may be a part of the Alzheimer disease process. In 
particular, mutations in the presenilin genes that cause Alzheimer's disease also cause chromo­
some instability. By generating a mosaic population of trisomy 21 and other aneuploid cells, 
such a mitotic defect could lead to Alzheimer pathology and dementia by inducing inflamma­
tion, apoptosis, and/or altered processing of the APP protein into the neurotoxic amyloid 
P-protein—all characteristic features of the disease. The possibility that many cases of Alzheimer's 
disease are mosaic for trisomy 21 suggests novel approaches to diagnosis and therapy. 

Introduction 
Alzheimer's disease arises when neurons in certain regions of the brain, particularly those 

involved in memory and cognition, are damaged and ultimately killed. A key step in this 
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process is the polymerization of the A(J peptide into neurotoxic protein filaments. Aggregates 
of these filaments accumulate in the brain as the characteristic neuropathological lesions termed 
"amyloid" and are thought to be an essential contributor to neuronal cell death in Alzheimer's 
disease. ̂ '̂  This hypothesis has been supported by many in vitro and in vivo experiments 
and has been recently strengthened greatly by our demonstration that amyloid formation cata­
lyzed by the action of two amyloid-associated proteins, apolipoprotein E (apoE) and 
antichymotrypsin (ACT), on A(3 is required for neuronal disfunction and cognitive impair­
ment in a mouse model of Alzheimer's disease. ̂ '̂  Together with the genetic evidence implicat­
ing the amyloid precursor protein (APP), apoE4, and ACT-A in the disease (for review, see 
reference 5), these results strongly point to either the process or product of amyloid formation 
as the key to Alzheimer's disease. The unanswered questions are how does amyloid formation 
arise in the majority of non-inherited Alzheimer's disease and what initiates neuronal cell death. 

An important clue to the mechanism of Alzheimer's disease was the discovery that Down 
syndrome patients who live beyond the age of 30 or 40 develop brain neuropathology indistin­
guishable from that observed in classical Alzheimer's disease. Down syndrome is caused by 
the presence of three copies of chromosome 21, instead of the usual two, in every cell of the 
body from the moment of conception. The implication of this finding is that trisomy for 
chromosome 21 not only causes Down syndrome, but is also sufFicient to cause Alzheimer's 
disease later in life. 

One possible explanation for the link between Down syndrome and Alzheimer's disease is 
that, in both disorders, a gene on chromosome 21 is over-expressed—due either to the 50% 
increased dosage of chromosome 21 genes in Down syndrome, or to potential somatic or 
inherited mutation or gene duplication in Alzheimer's disease.'^''^ Indeed, the AP peptide, 
which the major component of the pathological amyloid deposits found in Alzheimer's disease 
brain, is encoded by a gene (amyloid precursor protein; APP) that resides on chromosome 
21 19-22 ^ p 1̂  actually over-expressed in Down syndrome individuals somewhat more than 
the 50% expected from gene dosage alone.*̂ '̂"̂ ^ However, no known cases of Alzheimer's dis­
ease have resulted from a simple duplication of the APP gene or over expression of APP. It 
therefore seems to me more likely that trisomy 21 results in multiple abnormalities in gene 
expression that together result in Alzheimer's disease decades later. 

One weekend, some years ago, I was deep in the New Hampshire woods attending a 
retreat for the MD-PhD students and faculty of The Harvard Medical School. Taking advan­
tage of a relaxed atmosphere, I tried to concentrate on the curious relationship between 
Alzheimer's disease and Down syndrome. It occurred to me that if complete "trisomy 21" 
could lead to early Alzheimer's disease in Down syndrome, perhaps the slow development of 
some trisomy 21 cells over a lifetime could cause the Alzheimer's disease that affects elderly 
individuals."^ The more I thought about it the more it became clear that this model explained 
many, seemingly unrelated facts about Alzheimer's disease. It could also account for both the 
inherited and more common, non-familial form of the disorder, depending upon whether the 
defect in chromosome segregation that led to trisomy 21 mosaicism was the result of a genetic 
mutation or some environmental insult. 

In order to be useful, a scientific model must be able to make testable predictions. The 
trisomy 21 model for Alzheimer's disease makes at least two major ones. The first is that Down 
syndrome and Alzheimer patients should share clinical features besides dementia that might be 
used as a diagnostic test for Alzheimer's disease."^ One such potential test is based on the 
finding that Down syndrome and Alzheimer's disease individuals have cholinergic deficits that, 
for instance make them hypersensitive to the pupil dilating effect of cholinergic antagonists.^ '"̂ ^ 
We and others are still in the process of testing this prediction. Increasingly promising results 
suggest that even individuals that are seemingly cognitively normal can dilate abnormally in 
response to the cholinergic antagonist tropicamide and can show cholinergic pathology and 
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neuronal cell death not only in the cortex and hippocampus, but also in the Edinger-Westphal 
nucleus that controls the pupil. "̂ '̂̂ ^ Such individuals are likely to be in the preclinical stage of 
Alzheimer's disease, which can last 10-30 years or more, and may be detected by their hyper­
sensitive pupil dilation in response to tropicamide. 

The second, and most important prediction of the trisomy 21 model of Alzheimer's dis­
ease is that Alzheimer patients should have developed a small number of trisomy 21 cells in 
their somatic tissues. Such trisomy 21 mosaicism would be produced over time by unequal 
chromosome segregation during mitosis. Ultimately, trisomy 21 cells in the mosaic individual 
could lead to Alzheimer's disease through the same (as yet unknown, and presumably multi-step) 
mechanism by which Down syndrome patients acquire the disease, but at a later age due to the 
modulating effect of the majority population of normal diploid cells. 

Based on this suggestion that Alzheimer's disease may be a mosaic form of Down syn­
drome arising from defects in mitosis, certain further predictions could be made: 

1. There should be alterations in the mitotic spindle apparatus or in mitosis-related proteins 
in Alzheimer's disease cells that could lead to chromosome mis-segregation and trisomy 21 
mosaicism, and 

2. Mutations that cause Alzheimer's disease should occur in genes coding for proteins directly 
or indirectly involved in mitosis and chromosome segregation. 

Each of these predictions can be tested, either by re-examination of the literature for 
findings supportive of the theory, or by new experimentation. In this chapter, we will first 
examine the published and unpublished evidence in favor of chromosome instability/ 
mis-segregation and trisomy 21 mosaicism as a cause of Alzheimer's disease, then present evi­
dence linking the Alzheimer presenilin mutations to mitosis and chromosome mis-segregation, 
and finally consider the residting implications for Alzheimer diagnosis and therapy. 

Trisomy 21 Mosaicism in Alzheimer's Disease 
An early hint that chromosome mis-segregation and trisomy 21 mosaicism might be re­

lated to Alzheimer's disease was provided by epidemiological studies showing that women in 
some Alzheimer families in which the disease is inherited as an autosomal dominant mutation 
give birth to a significandy higher-than-normal number of Down syndrome children. Other 
researchers have failed to confirm the increased incidence of Down syndrome in families with 
inherited Alzheimer's disease, but they report that the number of relatives they analyzed was 
too few for the lack of Down syndrome to be statistically significant.^ Although the data in 
the largest studies were very suggestive, more work needs to be carried out to confirm the 
connection between a high frequency of Down syndrome and inherited Alzheimer's disease in 
the same family. 

More recendy, a strong association between Down syndrome and sporadic Alzheimer's 
disease was found. In a retrospective study, Schupf and her colleagues showed that yoimg mothers 
of Down syndrome children have a five-fold greater risk of developing Alzheimer's disease later 
in life, when compared to either older Down syndrome mothers, or the general popidation, as 
though they suffered a novel form of "accelerated aging".^^ We interpret this result, instead, as 
indicating that the young Down syndrome mothers were most likely mosaic for trisomy 21 (as 
if they had a predisposition to chromosome mis-segregation) and that this mosaicism was 
reflected in their trisomy 21 offspring and their own increased risk for Alzheimer's disease. 

Finally, trisomy 21 mosaicism was specifically found in two women who, though not 
mentally retarded and not characterized as having Down syndrome, developed Alzheimer-like 
dementia by age 40.^^ One of the two women also had a Down syndrome child. An unusual 
family with an inherited aberrant chromosome 22-derived mini-chromosome was studied by 
Percy et al and found, in addition, to have a high frequency of Alzheimer's disease. The two 
living Alzheimer-affected members of the family carried the marker chromosome and one was 
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also found to be mosaic for trisomy 21. The two patients reported by Schapiro^^ and Rowe^^ 
and their colleagues, and possibly the mosaic individual reported by Percy and her colleagues, 
demonstrate that it is not necessary for every cell of an individual to be trisomy 21 for the 
aberrant effects of this chromosome imbalance to result in early Alzheimer dementia. The 
often-later onset dementia of classic Alzheimer's disease—both genetic and sporadic—could 
thus result from an even smaller percentage of trisomy 21 cells that may go undetected. 

It would be clearly advantageous to determine directly whether Alzheimer's disease pa­
tients are mosaic for trisomy 21. However, this apparently simple experiment is not straightfor­
ward because techniques must be used that can accurately determine low levels of mosaicism. 
Cytogenetic analysis of Alzheimer's disease patients has been carried out in a number of labora­
tories, with mixed results. Some investigators have reported small increases in aneuploidy or 
other abnormalities as measured by direct karyotyping, while others failed to confirm the find­
ing, especially if they analyzed few or small families. '̂̂ ^ Interestingly, the cytogenetic abnor­
mality termed premature centromere division (PCD), which is a potential cause of improper 
chromosome segregation in vitro and in vivo, was found to be positively correlated with age 
and to be increased in women with familial Alzheimer's disease (3.6% vs. 0.6% in age-matched 
controls), particularly affecting the X chromosome. '̂̂ '̂'̂ ' Furthermore, trisomy 21, 18, andX 
occurred in the lymphocytes and fibroblasts of a woman prone to PCD, who also had three 
trisomy 21 conceptuses.^ 

In contrast to metaphase karyotyping, fluorescence in situ hybridization (FISH) allows 
the number of copies of a particular chromosome to be determined regardless of the stage of 
the cell cycle (mitotic or interphase). The ability to examine interphase nuclei also greatly 
increases the number of cells that can be analyzed and, in principle, should allow easier detec­
tion of very low levels of aneuploidy. We therefore used FISH to determine the extent of 
aneuploidy, particularly chromosome 21 trisomy, in fibroblasts from Alzheimer and normal 
individuals. ̂ '̂ '̂ In analyzing thousands of cells from 27 Alzheimer and 13 control individu­
als, we found that fibroblasts from Alzheimer's disease patients exhibited more than twice the 
frequency of trisomy 21 as did cells from age-matched, normal individuals (Fig. 1). The aver­
age percentage of trisomy 21 cells was 5.5% in Alzheimer's disease cultures and 2.5% in cul­
tures from unaffected individuals. Using the same procedure, the number of trisomies in a 
Down syndrome culture was determined to be 98%. The greater frequency of trisomy 21 cells 
in Alsdieimer's disease patients compared to controls was significant (p=0.007) and was not 
related to the age of the affected individuals. A small parallel study of chromosome 18 showed 
similar aneuploidy, indicating that the chromosome mis-segregation likely affected all chromo­
somes. 

When the chromosome study was initiated, we decided to examine all types of Alzheimer's 
disease with a particular focus on individuals with the early onset, familial form of the disease. 
The majority of these cases were, in the course of the investigation, shown to carry mutations 
in one of the two presenilin genes. We found that chromosome mis-segregation had oc­
curred in all Alzheimer's disease individuals, including those with sporadic AD and those who 
are now know to carry a familial Alzheimer's disease (FAD)-causing mutation in either presenilin 
1 or presenilin 2. Chromosome mis-segregation in sporadic AD patients has been elegandy 
confirmed in blood lymphocytes by Migliore et al and in the brains of sporadic AD patients 
by Yang and colleagues. 

Defects in Mitosis in Alzheimer's Disease 
During the course of the studies described above, several lines of investigation provided 

independent evidence that defects in mitosis and/or in mitosis-specific proteins may be present 
in Alzheimer's disease patients—supporting another prediction of the trisomy 21 mosaicism 
model. Such defects could be expected to lead to chromosome mis-segregation, and thus could 
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Figure 1. AD cells, including those with FAD mutations in PS-1 or 2 show increased trisomy 21 aneuploidy. 
Reprinted with permission from Neurobiology of Disease 1999; 6:167-179 ©1999 Elsevier. 

result in the trisomy 21 mosaicism and other aneuploidy observed in Alzheimer' disease cells 
and individuals, and, as will be discussed, may also lead to other features of the disease such as 
apoptosis and changes in amyloid precursor protein (APP) processing. 

The most direct evidence for mitotic defects in Alzheimer's disease has been provided by 
experiments in which the mitotic spindles in dividing cells from Alzheimer patients were ob­
served to be abnormal. For example, we briefly treated lymphocyte cell lines from presenilin 
mutant Alzheimer's disease and control patients with the microtubule-disrupting agent colchi­
cine, and analyzing their karyotypes 40 hours later. This treatment causes many of the cells to 
exhibit separated chromatids in metaphase spreads. That is, in these karyotypes, the individual 
chromatids lay parallel to each other, separated by a clear gap, rather than being connected at 
their centromeres, as are chromosomes from untreated cultures. This metaphase chromosome 
pattern is similar to the spontaneous premature centromere division (PCD) that made the 
patients described above prone to chromosome mis-segregation and Alzheimer dementia. Com­
parison of colchicine-treated cells showed that those from Alzheimer's disease patients exhib­
ited this karyotypic abnormality significantly more frequendy than cells from normal indi­
viduals of similar age^ (Geller, Benjamin and Potter, in preparation). A similar Alzheimer-specific 
increase in PCD induced by microtubule-disrupting agents was reported by Migliori and col­
leagues. 

A related defect in mitosis (increased frequency of chromosomes displaced from the mi­
totic spindle afi;er colchicine treatment) was found by Ford in cells derived from mothers of 
Down syndrome children. In addition, the rate of hyperdiploidy of all chromosomes was 
increased in cells from mothers with a Down syndrome child. These data indicate that such 
mothers may be generally prone to chromosome mis-segregation, which can lead to either 
gonadal trisomy 21 mosaicism or to meiotic non-disjunction, or both, and thus resulted in 
their trisomy 21 (Down syndrome) children. From the work of Schupf and coUeagues^'^ dis­
cussed above, such mothers of Down syndrome children would also be expected to have an 
increased risk of developing Alzheimer's disease, again implicating chromosome mis-segregation 
in this disease process. 

Further evidence for the potential involvement of cell cycle defects in Alzheimer's disease 
comes from the finding that both the amyloid precursor protein (APP) and the 
microtubule-associated protein tau found in Alzheimer paired helical filaments (PFiF) become 
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Figure 2. Probable transmembrane conformation of the two presenilin proteins (diagram modified by David 
Costa from ref 188). 

increasingly phosphorylated during mitosis ^̂  (Geller and Potter, unpublished). Thus, the 
two proteins most intimately involved in forming the characteristic neuropathological lesions 
of Alzheimer's disease are altered in structure, and presumably function, at different times in 
the cell cycle. Furthermore, phospho-tau and other mitosis-specific phospho-proteins and en­
zymes are present in neurons of Alzheimer, but not normal, brains. ̂ '̂''̂  Why these "post-mitotic" 
cells acquire mitosis-specific proteins is unknown. One possibility is that they have been stimu­
lated to begin an aberrant mitosis. This, in turn, could have led to gain or loss of chromosomes, 
to changes in mitosis specific gene expression, or to apoptosis in response to an untenable 
physiological state—any or all of which could stimulate the development of Alzheimer pathol­

ogy-
64,78,79 

Potential Mitotic Function of the Presenilin Proteins 
As mentioned above, many of the Alzheimer individuals whose fibroblasts we analyzed for 

trisomy 21 mosaicism belonged to large families that were subsequently shown to carry familial 
Alzheimer's disease (FAD) mutations in two related genes (AD3 and AD4), now called presenilin 
1 and 2 (Fig. 2). This result provided the first indication that familial Alzheimer's disease genes 
are likely to be involved in mitosis, and that their mutant forms predispose to chromosome 
mis-segregation—another of the predictions of the chromosome instability model of Alzheimer's 
disease. 

The familial Alzheimer's disease genes encoding the presenilin proteins were identified on 
chromosome 14 (PSl) by St. George-Hyslop and colleagues based on previous genetic map­
ping and on chromosome 1 (PS2) by Schellenberg, Tanzi and colleagues and indepen­
dently by us. Both presenilin proteins include --8 transmembrane domains and are structur­
ally similar. 

Almost forty point mutations have been identified throughout the two presenilin genes 
that cause early onset familial Alzheimer's disease (FAD). The fact that all of the FAD muta­
tions reside within the coding regions of the genes suggests that a dominant gain of function 
residting for instance in changes in their proteins' function, localization, or structure, rather 
than quantitative changes in expression, are likely to underlie the genes' involvement in 
Alzheimer's disease. 



Cell Cycle and Chromosome Segregation Defects in Alzheimer's Disease 61 

Figure 3. Primary human fibroblast cultures grown on cover slips were subjected to immunocytochemistry 
with affinity-purified antibodies to the presenilin loop region. Membrane, centrosome, and probable 
kinetochore labeling is evident. Reprinted with permission from Cell Press, ref 78. 

The presence of multiple transmembrane domains and potential target sites for the 
mitosis-specific cdc-2 kinase in the presenilins, together with the chromosome mis-segregation 
results with presenilin-mutant human cells, led us to suggest that the PS-1 and PS-2 proteins 
might reside in the nuclear membrane and might be involved in chromosome organization and 
segregation during the cell cycle. We then tested this prediction by preparing a panel of 
antibodies to presenilin-derived peptides fused to glutathione-S-transferase and using immu-
nocytochemical analysis to determine the normal intracellular location of the presenilin pro-
teins.^^ 

In the first approach to localizing the presenilins in the cell, PS-1- and PS-2-FLAG fusion 
proteins were expressed in transiently transfected cells and their intracellular location deter­
mined with anti-FLAG antibodies. Initial experiments indicated that the FLAG-tagged pro­
tein is partly localized in the endoplasmic reticulum and Golgi.^^ This was not un-expected 
because these are the sites of synthesis and processing of transmembrane proteins and because 
other groups had also overexpressed the presenilin proteins in cells and found them primarily 
localized to the endoplasmic reticulum. ̂ '̂̂ ^ However, because the localization of over-expressing 
proteins can easily become distorted, we sought to determine the subcellular location of the 
endogenous presenilin proteins. The afFinity-purified presenilin antibodies were used to label 
the endogenous protein in cultured cells by Western blot analysis and immunocytochemistry. 

Figure 3 shows an example of the intracellular localization of endogenous PS-2 in fibro­
blasts grown on cover slips. The labeling was primarily nuclear, which, in these flattened cells, 
was consistent with nuclear membrane localization. Putative PS-2 localization to the cen­
trosome—identified as a small, strongly-labeled spot adjacent to the nucleus—was also appar­
ent. These results, particularly the apparent centrosome labeling, provided additional evidence 
that the function of the PS-2 protein might be related to mitosis. 

At higher magnification, the labeling of the nuclear membrane and the centrosome with 
the PS-2 loop antibody could be seen more clearly. In addition, a pronounced punctate pattern 
became apparent within the nucleus. This punctate nuclear membrane labeling pattern re­
sembled the image generated by antisera directed against kinetochores—the protein complexes 
that bind the centromeres of the chromosomes and link them to the spindle microtubules 
during mitosis.^ '̂ ^ By adjusting the plane of focus, the PS-2-labeled spots could be seen to be 
located justaposed to the inner membrane of the nuclear envelope, where the kinetochores 
reside in interphase cells.^ '̂  

To confirm the localization of PS-2 to the nuclear membrane, centrosomes, and kineto­
chores, we performed a series of double-label experiments with both the rabbit PS-2 loop 
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Figure 4. An example of a double label experiment performed using the presenilin 2 loop antibody and a 
CREST antibody previously shown to label kinetochores. Both antibodies stained the same punctate 
structures in the membrane of the cell. The right-most figure shows the co-labeling image of the FITC and 
CY3 secondary antibodies recognizing the presenilin 2 and kinetochore antigens. CREST antisera recog­
nizes only kinetochore structures; the PS-2 antibodies also stain the nuclear membrane. 

antibody and either a human anti-centrosome serum, a human anti-lamin serum, or a human 
anti-kinetochore serum, which could be distinguished from the PS-2 antibody with different 
fluorescent secondary antibodies.^^ For example, a human auto-immune serum was obtained 
from a patient with the CREST variant of scleroderma, shown previously to specifically label 
kinetochores in both metaphase and interphase cells ' (F. McKeon, personal communica­
tion). The co-localization of the two signals (orange) identified the PS-2 protein as closely 
associated with the nuclear membrane, and with the kinetochores attached to the nuclear mem­
brane during interphase (Fig. 4). Perhaps the membrane-associated presenilins serve as anchors 
to attach the kinetochores to the inner nuclear membrane during interphase. Consistent with 
this hypothesis is the finding that the centrosome labeling remains during mitosis, but the 
nuclear envelope labeling becomes dispersed and the kinetochores are unlabelled. 

Colocalization of staining with presenilin and centrosome antibodies is shown in Figure 
5. Because the presenilins are clearly transmembrane proteins, we assume that the centrosome 
localization reflects the proteins association with cytoplasmic vesicles that have accumulated 
next to the centrosome. 

Similar co-localization experiments were performed with an antibody to the N-terminus 
of PS-2 and also with two antibodies to the large hydrophilic loop and the N-terminus of 
PS-l.'^^ Identical results were obtained with all four antibodies, indicating that both presenilins 
are associated with the nuclear membrane, centrosome, and kinetochores of normal dividing 
cells. 

Figure 5. An example of a double immunolabeling of the centrosome with antibodies to presenilin 2 and 
to lamin. 



Cell Cycle and Chromosome Segregation Defects in Alzheimer's Disease 63 

Electron microscopy with gold-labelled secondary antibodies confirmed that the presenilins 
are associated with the inner nuclear membrane, the periphery of the centrosome, and punc­
tate structures attached to the inner nuclear membrane/^ Several other Alzheimer researchers 
have confirmed that a major location for the presenilins in the cell is the nuclear envelope '̂̂ '̂ ^ 
(B. Yankner, G. Schellenberg, T. Wisniewski and B. Frangione, B. De Strooper and G. Cole, 
personal communications). Furthermore, specific localization of presenilin protein to the cen­
trosome and the kinetochore microtubules in early mouse embryos is induced by halting the 
cells in mitosis.^^ Finally, Johnsingh et al̂ ^ and Pigino et al̂ ^ have found that the presenilins 
associate with the cytoskeleton-associate proteins CLIP 170 and restin and with microtubules, 
consistent with our localization findings. 

Functional results are also consistent with the presenilins being involved in mitosis. The 
FAD presenilin mutations have been found to inhibit the cell cyclê "̂  (Tanzi, personal commu­
nication; also see below), to increase sensitivity to apoptosis^^'^^ (Ma and Potter, unpublished), 
and to prevent the full-length proteins from being translocated to the nuclear envelope. Con­
firmation that the presenilin proteins are involved in chromosome segregation and Alzheimer*s 
disease has recendy been provided by the findings that a polymorphism in the presenilin 1 gene 
is associated with both an increased risk of developing Alzheimer's disease,^ and also with 
an increased risk of having a Down syndrome child via a meiosis II defect.^ ^̂  Finally, when we 
examined the sequences of the PSl and PS2, we found that in addition to the evident trans­
membrane domains, both proteins carry several S/TPXX amino acid motifs. Based on their 
function in other proteins, these motifs may be target sites for cdc2 kinase and suggest that PSl 
and PS2 reside in the nuclear membrane and are involved in mitosis. In vitro experiments on 
one of these sites confirm that it is an effective target for cdc2 kinase but not, for example for 
CKII (Li and Potter, unpublished). 

The most straightforward interpretation of the subcellular localization of PS-1 and PS-2 
in dividing cells is that presenilin function is related to mitosis, chromosome organization and 
segregation, and, potentially, to mitosis-specific gene expression. More specifically, the nuclear 
membrane and kinetochore localization of the presenilins suggests that one function of these 
proteins may be to serve as kinetochore binding proteins or receptors ("kinetoceptors*') to 
anchor and organize the chromosomes on the nucleoplasmic surface of the inner nuclear mem­
brane during interphase. In this role, the presenilins might bind DNA directly with special 
affinity for centromeric sequences, or they might interact with kinetochore proteins, possibly 
through microtubules. The point mutations and polymorphisms in the presenilin genes that 
cause or influence familial Alzheimer's disease may affect the ability of the presenilin proteins 
to link the chromosomes to the nuclear membrane and to release them at the appropriate time 
during mitosis, thus leading to chromosome mis-segregation and other consequent abnormali­
ties seen in cells carrying mutant presenilin genes, such as inappropriate apoptosis. Interest­
ingly, there are precedents for nuclear membrane proteins having a role in mitosis. Specifically, 
the yeast NDC-1 protein and the lamin B receptor both have seven-eight transmembrane 
domains, are located in the nuclear membrane, contain phosphorylatable S/TPXX motifs, 
and, in the case of NDC-1, cause chromosome mis-segregation when mutant. '^'^^^ 

In order for a cell to leave Gl and enter mitosis, the kinetochores and their associated 
chromosomes must be released from the surface of the inner nuclear membrane and its associ­
ated proteins such as the presenilins. Two possible ways in which the putative presenilin bind­
ing to centromeres/kinetochores might be regulated during this process are by phosphorylation 
or by proteolytic cleavage. It is therefore interesting that PS-2 is phosphorylated in vivo by 
casein kinase 2,^^ and in vitro by the cdc-2 kinase (Li and Potter, in preparation), and that 
both presenilin proteins, though found in full-length form, are also cleaved into two parts in 
normal and transfected cells.̂ '̂̂ ^ '̂̂ ^^ 
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Table 1. Transient transfection experiments 

DNA Abnormal 
Karyotypes 

Total % Abnormal 

none 17 
Vector 10 
PS-1 7 
PS-2 23 

237 
143 
19 

170 

7.2 
7.0 

36.8*** 

13.5* 

Lymphoblastoid cells were transiently transfected with the indicated vectors, al lowing the expression 
of different presenilin proteins. Karyotype analysis was carried out 72 hours after transfection and the 
number of abnormal karyotypes counted. 

Mitotic Effects of the Normal and FAD Mutant Presenilin Proteins 
in Transfected Cells 

The evidence that the presenilins are involved in mitosis and chromosome segregation is 
provided by their location within the cell and the finding that fibroblasts ft-om individuals 
harboring an FAD mutation in PS-1 or PS-2 show chromosome mis-segregation. To further 
investigate possible mitotic functions of the PS proteins, the normal and FAD mutant versions 
of their genes have been cloned into expression vectors and introduced into mammalian cells 
with normal chromosome complements. 

Preliminary evidence from transfected cells over-expressing the presenilin proteins are 
consistent with their involvement in chromosome segregation. AG09393 cells were transiently 
transfected with the pcDNA-3 vector either unmodified or expressing wild type PS-1 or PS-2. 
The combined level of aneuploidy in several experiments was statistically significantly higher 
in the cells receiving the PS-containing vectors compared to the cells receiving water or the 
vector (pcDNA3) alone (see Table 1). Over-expression of even normal presenilins clearly af­
fects chromosome segregation. The chromosome changes included trisomies, monosomies, 
and translocations. 

The fact that transient over-expression of even normal presenilin proteins causes massive 
chromosome instability and apoptosis, '̂  suggested that a more controlled expression system 
would be better able to show differences between the wild type and mutant presenilin genes. To 
this end, we have developed tetracycline activated expression vectors and are in the process of 
analyzing their effect on chromosome stability. 

Chromosome and Cell Cycle Changes in Cells from Presenilin 
Transgenic and Knockout Mice 

The demonstration that the presenilin proteins in mice were located in the same apparent 
structures as in human ^ prompted some preliminary experiments in mouse cells to determine 
the effect of PS-1 deletion on the cell cycle. Shen et al developed a PS-1 knockout mouse which 
could be maintained in the heterozygous state and could generate homozygous knockout em­
bryos. ̂ '̂ ^ We prepared primary fibroblast cultures from such embryos and measured the cell 
division time and the number of in vitro passages needed to reach senescence compared to cells 
from a normal littermate. PS-1 knockout cells clearly grew more slowly than normal cells, and 
many of the knockout cells reached senescence as evidenced by flattening and cessation of 
mitosis, before any of the normal cells did. 
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Table 2. Aneuploidy in PS1 knockout liver 

# of Cells 
Chrm# wt PSl-/-

40 (normal) 
80 
39 
37 
17 

< 2 0 
% abnormal 
Mitotic Index 

68 
0 
1 
0 
0 
4 

6.8 
50% 

56 
1 
2 
1 
1 

8 
18.8* 
20% 

Liver cells from wild type and PS-1 knockout embryos were grown in culture and their chromosomes 
prepared for karyotype analysis. The knockout cells grew more slowly and developed increased 
aneuploidy. 

We have also carried out a preliminary experiment to analyze the chromosome comple­
ment of fetal liver cells from a PS-1 knockout embryo in comparison to a normal littermate. 
The number of karyotypes that were abnormal was substantially (and statistically significant; 
P<0.05) higher in the E-15 PS-1 null liver cells than in cells obtained from a normal wild type 
littermate (see Table 2). In addition, the mitotic index was substantially smaller in the PS-1 KO 
cell cultures, also suggesting the presence of a defect in the cell cycle. 

The results from the PS-1 knockout mouse cells have been complemented by similar 
experiments on cells derived from transgenic mice harboring and expressing the human PS-1 
normal and PS-1-FAD mutant genes under the control of the PDGF promoter. ̂ '̂ '̂  Thus far, we 
have karyotype data from hundreds of spleen cells (in which the PDGF promoter is active) that 
reveal substantial aneuploidy in mice carrying a PS-1 gene harboring the M146L FAD muta­
tion (Table 3). The number of aneuploid cells increases with the age of the transgenic mice. 
Flow cytometry confirms these results and also shows no aneuploidy in wt PS mice of 17 and 
24 months of age. 

All of these results are consistent with PS-1 playing an important role in the normal 
physiology of dividing cells. The chromosome analysis specifically suggests that normal amounts 
of WT presenilins are essential for maintaining the fidelity of chromosome segregation. This 

Table 3. Aneuploidy in PS-1 mutant mice 

Chromosome Complement 
Strain (Age) 40 (Normal) Aneuploid % Aneuploid 

PS1 M 1 4 6 L ( 8 M o ) 
PS1 M146L (13Mo) 
PSl wt (16 Mo) 
Non Tg (7Mo) 

558 
489 
70 

194 

9 
16 
0 
0 

1.6' 
3.2^ 

0 
0 

Spleen eel Is from mice carrying the wild type or a mutant presenilin transgene and from nontransgenic 
mice were stimulated to divide by ConA and their chromosomes analyzed following colcemid 
treatment 44 hours later. 
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result, if confirmed, could also explain the slower growth, the reduced lifespan in culture, and 
the tendency to undergo apoptosis of cells either knocked out or mutant for presenilins. The 
result also confirms the previous finding of chromosome mis-segregation and trisomy 21 in 
fibroblasts from presenilin mutant individuals with Alzheimer's disease.^^ 

In Alzheimer's disease research, it has become almost axiomatic that the main cause of the 
disease is an increase in the relative amounts of the Alzheimer Ap 1-42 and 1-40 peptides, with 
the Ap 1-42 peptide being more prone to form amyloid deposits and induce neuronal dam­
age. However, it is worth pointing out that the many, many fold increase in chromosome 
aneuploidy in cells carrying a presenilin mutation far exceeds the barely 2-fold effect of the 
mutations on the relative production of Ap 1 -42 and 1 -40. Perhaps the main effect of the 
presenilin mutations is on the cell cycle and chromosome segregation, with a coincidental side 
effect being an alteration in AP production. 

Mutation/Inactivation of the Tumor Suppressor p53 Causes 
Chromosome Instability and Regulates Expression of Presenilin 

A completely independent result from the study of cancer supports the conclusion that 
the presenilins are involved in mitosis and chromosome segregation. p53 is a well-studied tu­
mor suppressor gene whose mode of action is still not completely understood. Lack of p53 
clearly predisposes to malignancy in humans and experimental animals. Indeed, p53 is the 
most common mutation in human cancers, and animals, humans, and cell lines mutant for 
p53 show abnormal centrosome duplication, chromosome mis-segregation, and aneup­
loidy. ̂ ^̂ '̂ "̂  Thus p53 may exert its tumor suppressor function at least partly by promoting the 
orderly segregation of chromosomes during mitosis, with loss of p53 leading to aneuploidy. 
This conclusion is supported by two recent findings that together link p53 function to chro­
mosome segregation and to the presenilins. 

One approach to determining how a tumor suppressor gene acts to suppress unrestricted 
cell division is to identify other genes whose expression is either up-regulated or down-regulated 
by the tumor suppressor gene product and then to determine which are important downstream 
effectors of the pathway. One such study used a p53 mutant cell line into which a vector 
construct that expressed a temperature sensitive p53Vall35 protein was stably transfected. 
Shifting the cells between the permissive and nonpermissive temperature and carrying out 
differential RNA display identified a series of genes that are up-regulated or down-regulated by 
wt p53. One such gene that was down-regulated is presenilin 1 (PSl), previously identified as 
carrying multiple mutations that cause autosomal dominant Alzheimer's disease. 

Roperch and colleagues then assessed the importance of PSl in p53 function by knocking 
out the PSl protein by transfection of p53 mutant cells (which express large amounts of PSl) 
with an PSl antisense RNA-expressing construct.^'^^ The cells grew much more slowly, lost 
their ability to be cloned in soft agar, and generated few tumors when injected into nude mice. 
Those tumors that did develop had regained their presenilin expression, confirming the con­
clusion that PSl is essential for the tumor-causing effect of the loss of p53 function. 

The data from the Alzheimer's disease patients fibroblasts and the transgenic mice to­
gether with the suggestive involvement with p53 provide a strong indication that the presenilins 
may be involved in chromosome segregation, The location of the presenilins at the interphase 
kinetochore suggest a mechanism by which mutations in the presenilins could cause chromo­
some instability and aneuploidy. Appropriate chromosome segregation requires that very care­
ful control of chromosome location and organization be maintained throughout the cell cycle, 
not merely during mitosis. This is presumably the reason that the kinetochores are attached to 
the inner surface of the nuclear membrane during interphase rather than being allowed to 
roam freely in the nucleoplasm. Therefore, it is likely that if this interphase location were to be 
disrupted by mutation in a protein such as a presenilin that seems to be connecting the 
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interphase kinetochores with the inner nuclear membrane, then the end result could be a 
defect in chromosome segregation. For instance, if the chromosomes do not detach from the 
nuclear membrane at the right time and with the right speed and coordination, then they may 
not become available for attachment by the spindle microtubules with equal efficiency, and 
lagging chromosomes may become mis-segregated. 

Presenilin Mutations May Effect Mitosis in both Neurons and Glia 
The presence of trisomy 21 mosaicism in skin fibroblasts from Alzheimer's disease pa­

tients with presenilin mutations suggests that other cells from these individuals are also likely 
to be mosaic for trisomy 21. Which cells would, when aneuploid for chromosome 21, contrib­
ute most to Alzheimer neuropathology? The answer is not obvious. Neurons are the cells whose 
loss leads to the clinical symptoms of Alzheimer's disease and neurons produce large amounts 
of APP and of Ap. Because mature neurons do not divide, it might be thought that they would 
be unaffected by mitotic proteins. There are two potential ways that FAD mutations in the 
presenilins could affect neurons directly. First, the presenilins may have an additional, 
non-nuclear, function in neurons, and, indeed, the majority of the presenilin protein in these 
cells is present in the somato-dendritic compartment. This localization has led to the reason­
able hypothesis that FAD mutations in the presenilins change their interaction with the APP 
protein and consequendy alter APP processing to produce the increased Api .42 seen in presenilin 
mutation-carrying patients, cells, and transgenic mice. However, the results reviewed here force 
us to consider whether the apparent involvement of the presenilins in mitosis might also affect 
neuronal function and AP production. For example, it has become clear that new neurons are, 
in fact generated in the hippocampus of higher animals, including primates, not only during 
development, but thoughout adulthood as well. ' Specifically, the rate of new neuron for­
mation in the dentate gyrus of the hippocampus is reported to be on the order of one to two 
thousand cells per day—more than enough to cause significant numbers of trisomy 21 or other 
aneuploid cells to accumulate over the course of 50 years under the influence of, for instance, a 
presenilin mutation. Alternatively, neurons may respond to mutations in FAD genes such as 
the presenilins by attempting to undergo inappropriate division, and perhaps becoming aneu­
ploid and then undergoing apoptosis in the process. Indeed the aneuploid cells reported in AD 
patients by Yang and colleagues were brain neurons. Significantly, as mentioned above, 
phospho-epitopes and enzymes normally observed only in mitotic cells have been found in 
neurons in Alzheimer's disease brain. Furthermore, apoptotic neurons generate and release 
more Ap than do healthy neurons.^^^'^ ^ 

To an even greater extent than neurons, the glial cell population continues to divide in the 
adult primate brain and therefore could accumulate aneuploid cells throughout life. The 
involvement of glial cells in the neuropathology of Alzheimer's disease is indicated by increas­
ing evidence that these cells mount an inflammatory reaction and an acute phase response that 
make an important contribution to the characteristic pathology and neuronal cell death of the 
Alzheimer's disease brain.^'^ '^'^ ^ Particularly interesting is the fact that an abnormally high 
number of microglia overexpress the lymphokine IL-1 in the areas of Alzheimer's disease and 
Down syndrome brain that exhibit, or will exhibit, Alzheimer's disease neuropathology. '̂ ^ ' ^ 
lL-1, in turn, induces astrocytes to express the amyloid-associated protein tti-antichymotrypsin 
(ACT). Both ACT and another amyloid-associated protein elicited by inflammation, apo E, 
can facilitate the polymerization of Ap peptide into neurotoxic amyloid filaments. '̂  '̂̂  '̂̂ "̂̂  
The essential function of apoE and ACT as amyloid promoting factors in vivo has been dem­
onstrated recently in animal models of Alzheimer's disease. Indeed, we have recendy shown 
that product or process of ACT and apoE-catalyzed amyloid formation in transgenic mice is 
responsible for their cognitive decline. ̂ "̂  In sum, a glial cell-led inflammatory cascade appears 
to play an essential role in Alzheimer amyloid formation, starting with the release of Il-l from 
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microglia. The constitutive activation of microglia in Down syndrome brain, even before birth, 
suggests the possibility that if microglia in a normal individual acquire an extra copy of chro­
mosome 21, they may release II-1 and initiate the inflammatory cascade that leads to the neu­
ropathology of Alzheimer's disease. 

Although it woidd seem reasonable that amyloid should develop in the regions immedi­
ately surrounding aberrant cells (for instance trisomy 21 neurons or glial cells), the precedent 
provided by other amyloidoses suggests that this need not be the case. For instance, the 
autosomal-dominantly inherited diseases Familial Amyloidotic Polyneuropathy and Heredi­
tary Cerebral Hemorrhage with Amyloidosis of both the Dutch and Icelandic types have very 
specific regions of amyloid deposition despite the fact that all cells in the body carry the point 
mutation in the affected amyloid gene (transthyretin, cystatin C, or APP respectively), and that 
these genes are expressed in many parts of the body where the amyloid does not deposit. 
Thus, by analogy, the trisomy 21 cells that are relevant for the formation of amyloid pathology 
in Down syndrome (and, according to the hypothesis presented here, Alzheimer's disease) need 
not reside in the brain at all. Indeed, some researchers have suggested that the Ap peptide is 
transported to the brain by the circulation, after having been generated elsewhere. 

How Aneuploidy May Lead to Alzheimer's Disease 
Several potential mechanisms could explain how the generation of trisomy 21 or other 

aneuploid cells by FAD-mutant presenilin proteins could lead to Alzheimer's disease. For ex­
ample, aneuploid cells might be prone to apoptosis. Indeed, cortical neurons from Down syn­
drome fetuses undergo spontaneous apoptosis in vitro. ̂ ^̂  Such apoptosis would lead to 
neurodegeneration directly, but it could also indirecdy affect APP processing and the produc­
tion of the Ap peptide. Support for this latter hypothesis is provided by the findings that Down 
syndrome fetal brains and adult sera contain a higher ratio of the pathogenic Api,42 compared 
to APi.4o^ and that inducing apoptosis in normal human neurons by serum starvation or 
other treatments increases their secretion of the AP peptide. A more direct connection 
between the presenilin genes and apoptosis is indicated by the finding that the overexpression 
of even normal presenilin genes in transfected cells (which we would expect to disrupt orderly 
chromosome segregation) results in increased sensitivity of the cells to apoptotic stimuli^^'^^^''^ 
(Ma and Potter, unpublished). Furthermore, expression of a C-terminal fragment of PS-2 in 
cells was shown to inhibit induced apoptosis, which was then restored by overexpression of 
flill-length PS-2.^3'^^ 

How could presenilin-induced apoptosis lead to the other commonly-reported effect of 
expressing the FAD mutant presenilins in human patients, tranfected cells, or trangenic ani­
mals—an increase in the ratio of secreted Api.42 over APi.40? ' One possibility is that 
the mutant presenilins induce changes in mitosis and chromosome segregation that affect the 
level of mitosis-specific phosphorylation of various proteins. In as much as altering the phos­
phorylation of APP alters the production and secretion of AP, and the phosphorylation of the 
APP protein naturally changes during the cell cycle, a cell cycle-altering mutation in a protein 
such as one of the presenilins could affect APP processing indirectly through its phosphoryla­
tion state and thus lead to the observed increase in APi,42. 

Potential Involvement of Other Genes in Chromosome 
Mis-Segregation in Alzheimer's Disease 

Thus far, it is clear that trisomy 21 mosaicism can cause some sporadic cases of Alzheimer's 
disease, and there is strong circumstantial evidence favoring such a mechanism as one explana­
tion for how the FAD mutations in the presenilin genes exert their Alzheimer-causing effect. 
Thus a key prediction of the trisomy 21 mosaicism model for Alzheimer's disease has been, at 
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least partly, fulfilled. Is it possible that other forms of Alzheimer's disease also involve trisomy 
21 mosaicism? Here the evidence is intriguing. For example, FAD mutations in the APP gene 
result both in apoptosis and in increased production of A|3i.42 over Api.40, which is also char­
acteristic of trisomy 21 and of the presenilin mutations.^ '̂̂ ^^ Then there is the finding that 
the APP protein not only becomes hyperphosphorylated during mitosis, but that APP phos­
phorylation also modulates APP processing. '̂ ^̂  Furthermore, endogenous APP localizes to 
the centrosome and the nuclear membrane in dividing cells just as we have found for the 
presenilins^ '̂̂ '̂ '̂ ^ (Li and Potter, unpublished), and has also been found to interact with the 
presenilins by co-immunoprecipitation from extracts of APP and PS2 double-overexpressing 
cells.^^^Also, in our study of aneuploidy in Alzheimer's disease cell lines, the two lines harbor­
ing an APP mutation also exhibited increased trisomy 21.5^ Perhaps the APP mutations act not 
direcdy, but indirecdy, on APP processing, by altering the cell cycle and its pattern of phospho­
rylation of proteins including APP itself. For example, the cytoplasmic tail of APP binds to a 
protein that drives cells though the S-M checkpoint and causes apoptosis in neurons. Fi­
nally, knocking a gene that is highly homologous to APP, termed APLP2, in mice is lethal 
because the cells ofthe very early embryo undergo massive chromosome mis-segregation. ' 

The other major genetic risk factor for Alzheimer's disease is the inheritance of the e4 
allele of apolipoprotein E. Although the best evidence indicates that the apoE4 protein pro­
motes Alzheimer's disease by promoting the polymerization ofthe Ap peptide into neurotoxic 
amyloid filaments (discussed above), it is possible that apoE4 has additional functions related 
to mitosis and chromosome segregation. Such a conclusion was reached, for example, by 
Avramopoulos and colleagues who showed that young mothers of Down syndrome children 
are significantly more likely to carry an apo e4/e4 genotype. ̂ ^̂  The authors suggested that the 
demonstrated inability of the apoE4 protein (compared to apoE3) to bind to the 
microtubule-associated protein tau '̂̂ ^ disrupts the balance of microtubide polymerization/de-
polymerization, and thus affects the mechanics of chromosome segregation. This explanation 
is interesting in light of the facts that a similar group of Down syndrome mothers was shown 
by Schupf et al to have an increased risk of developing Alzheimer's disease and that the 
highest level of trisomy 21 mosaicism in our sample of Alzheimer's disease patients was found 
in an apo e4/e4 individual.^ It is also interesting that exogenously-added apoE halts lympho­
cyte proliferation in the GIA phase ofthe cell cycle. ̂  Further biochemical and chromosome 
segregation studies are underway to test direcdy whether apoE4 affects chromosome segrega­
tion. 

Although improper chromosome segregation can result from a genetic mutation, it can 
also be caused by environmental agents. Of the many exogenous factors that influence chro­
mosome segregation, microtubule-disrupting agents such as colchicine and low doses of radia­
tion are perhaps the best studied. ̂ ^̂  Aluminum, the consumption of which some studies show 
to have a weak but significant association with the development of Alzheimer's disease, also 
binds to microtubules and, in the form of aluminum silicate, causes chromosome nondisjunc­
tion in cultured cells. ' Thus, the large proportion of Alzheimer's disease cases that arise in 
a sporadic manner not direcdy attributable to the inheritance of a genetic mutation can also be 
understood in the light ofthe chromosome 21 trisomy model. 

Implications of Trisomy 21 Mosaicism in Alzheimer's Disease 
for Future Diagnosis and Therapy 

The mechanistic implication of the findings discussed above is that an early step in the 
pathogenic pathway to Alzheimer's disease may involve a defect in chromosome segregation 
that leads to trisomy 21 mosaicism. This conclusion can be exploited in our search for more 
effective diagnoses and treatments for Alzheimers disease. 
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As already discussed, the similar hypersensitivity of Alzheimer and Down syndrome indi­
viduals to cholinergic agonists or antagonists may serve as an Alzheimer diagnostic test. An­
other, very straightforward potential diagnostic test based on our finding of trisomy 21 cells 
among Alzheimer patients fibroblasts would be to use chromosome analysis to directly assess 
the level of trisomy 21 mosaicism in an individual. Although we have found that cell lines from 
Alzheimer individuals as a group have increased trisomy 21 mosaicism, there is substantial 
overlap in the data between the Alzheimer patients and the control individuals. Clearly, the test 
must be made more sensitive to be usefiil. One approach, which we have initiated, is to use 
primary cells directly derived from the patients rather than fibroblast cell lines. This would 
reduce the influence of culture conditions on the chromosome analysis and potentially provide 
more rapid results. Specifically, buccal cells, which the individual scrapes with a soft brush 
from the inside of their cheek, can be assayed for trisomy 21 and other aneuploidy by modifi­
cation of the standard fluorescence in situ hybridization (FISH) technique. This scraping method 
also has the advantage of sampling cells from a larger area than does a needle skin biopsy, thus 
reducing the possibility of missing a small clone of trisomy 21 or other aneuploid cells that 
might be important. It can also be repeated a number of times to strengthen the confidence of 
the analysis. The data thus far are too preliminary to make strong conclusions, but it is reason­
able to be concerned that an individual who is clearly and reproducibly found to be mosaic for 
trisomy 21 may be at risk for developing Alzheimer s disease later in life. Similarly, as discussed 
above, women who have a trisomy 21 fetus at an early age might consider undergoing chromo­
some analysis of not only their blood lymphocytes, but also their fibroblasts, to sissess whether 
or not trisomy 21 mosaicism is present. 

The development in the last ten years of a clearer understanding of the pathogenic path­
way that leads to Alzheimer's disease has identified key steps in this pathway that might serve as 
targets for therapeutic intervention. For instance, the APP processing enzymes that generate 
the AP peptide, the process of AP polymerization itself, the amyloid-inducing interaction of 
ACT or apoE with Ap, the production of IL-1 by microglial cells, or its recognition by the 
receptors on the surfaces of astrocytes are all potential steps in the pathway that our current 
knowledge suggests would be effective Alzheimer therapeutic targets, and for which drug screen­
ing assays can be designed. The implication of the data presented in this review that trisomy 21 
mosaicism may be one of the very first steps in the Alzheimer pathogenic pathway suggests a 
new set of approaches to therapy that may be particularly valuable because they are targeted at 
the very earliest step in the pathway. In some situations it may be possible to determine the 
mechanism of chromosome mis-segregation or defective mitosis-specific gene expression. Drugs 
that would rectify the defect could then be selected for. For example, if the familial Alzheimer's 
disease (FAD) mutations in the presenilins result in a kinetochore receptor that fails to bind the 
kinetochore sufficiently tightly to prevent chromosomes from becoming disorganized at the 
start of mitosis, a drug that improved presenilin kinetochore binding could be developed. 
Similarly, if apoE4 interaction with microtubules is defective and leads to chromosome 
mis-segregation, a drug could be developed to increase the effectiveness of apoE4 in individuals 
carrying this allele. 

Alternatively, it may be possible to strengthen the fidelity of the chromosome segregation 
process prophylactically. Several approaches are possible. It may be possible to identify and 
eliminate environmental toxins that cause chromosome mis-segregation, or to develop agents 
that counteract the effect of the toxins. Such treatments might include heavy metal chelaters, 
antioxidants, and promoters of microtubule assembly. Drugs that improve chromosome segre­
gation might also include those that affect DNA topoisomerase II or centromere binding pro­
teins such as CBFl or DISl.^^^'^^^ 

A more difficult, but potentially equally effective approach to therapy, would be to deter­
mine whether it is the aneuploid—for instance, trisomy 21—cells per se that are contributing 
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to the development of Alzheimer's disease, as appears to be the case in Down's syndrome, or 
whether it is the secondary eflFects of aberrant mitosis or attempted mitosis that are important. 
If the latter is the case, then the drugs discussed above would be appropriate. If the trisomy 21 
cells themselves are the problem, then it may be possible to target them for removal from the 
body by exploiting unusual features of their cell biology. Specifically, several genes are 
overexpressed in trisomy 21 cells to a much greater extent than would be expected by the 50% 
increase in gene dosage. An example is the APP protein itself; another is the interferon a-2 
receptor. Antibodies that recognize such cell surface antigens that are overexpressed to a great 
extent in trisomy 21 cells could be coupled to cellular toxins and used to selectively eliminate 
these cells. Similarly, if the preliminary evidence indicating that trisomy 21 microglial cells are 
constitutively active and expressing the lymphokine IL-1 is confirmed, it may be possible to 
eliminate IL-1 positive microglial cells at a single point in time by microglia-targeted gene 
therapy with a toxin gene under the control of a regulatable IL-1 promoter. Trisomy 21 micro­
glial cells that receive the gene would self-destruct, but only if another co-inducting signal were 
also present—^for instance, tetracycline. Once the trisomy 21 cells were eliminated, the co-inducer 
could be removed, and the remaining, diploid, microglial cells (though still containing the 
toxin gene under the control of the IL-1 promoter and the tetracycline enhancer) would still be 
able to carry out their normal function during infection or other demands for brain inflamma­
tion in which the IL-1 cytokine must be produced under proper regulatory control. Because 
the toxin gene would not be activated, the normal microglial cells could be induced to express 
IL-1 without being killed. 

In summary, some Alzheimer's disease patients are clearly mosaic for trisomy 21, and 
many others may have low levels of trisomy 21 mosaicism. The mechanism(s) by which these 
abnormal cells arise and whether/how they contribute to the pathogenesis of the disease are 
areas of active investigation. Further exploration of these novel findings has the potential to 
contribute to the development of diagnoses and therapies for Alzheimer's disease and to in­
crease our understanding of basic cellular processes. 
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Abstract 

Today, a new chapter is being written in the book of Alzheimer disease, one that is 
challenging the longstanding view that adult neurons are incapable of division, remain 
nonproliferative, and are terminally differentiated. Here, we review the provocative 

notion that, in Alzheimer disease, whole populations of nonstem cell neurons leave their quies­
cent state and re-enter into the cell cycle. However, such neuronal re-entry into the cell cycle is 
futile and ultimately leads to the neurodegeneration that typifies Alzheimer disease. 

Introduction 
It is perhaps ironic to discover that neurodegenerative diseases, such as Alzheimer disease 

(AD), where cell loss is a key feature, may provide clues to understanding the plasticity of the 
adult central nervous system. In AD, there is accumulating evidence that susceptible neuronal 
populations exhibit a de-differentiated phenotype likely representative of a reactivated cell cycle. 
This exit from a quiescent state is manifested in several ways, including: 

1. The ectopic expression of cyclins along with their cognate cell cyclin-dependent kinases 
(CDKs) and their inhibitors (CDKIs); 

2. Recruitment of mitogenic signal transduction pathway components; and 
3. The increased transcriptional activation of a variety of mitosis-related proteins. 

While the cause of this apparent neuronal re-entry into the cell cycle is not known, the conse­
quences for these terminally differentiated cells are disastrous leading to oxidative stress, 
cytoskeletal abnormalities, mitochondrial dysfunction and, ultimately, neuronal death. In other 
words, the re-emergence into the cell cycle by neurons accounts for many of the cardinal fea­
tures of the disease. In this review, we explore some of these mitotic alterations including the 
recruitment of mitogenic factors and oxidative stress. Further, we speculate on the nature and 
the source(s) of mitogenic factors, which underlie the pathological events observed in this 
dreaded disease. 

Pathological Hallmarks of Alzheimer Disease 
As an insidious and progressive neurodegenerative disease, AD affects up to 15% of indi­

viduals over the age of 65 and nearly half of all individuals aged 85 and above. ̂  The disease is 
quickly becoming one of the most serious health problems in the U.S. and has a dehumanizing 
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nature that involves destruction of higher-order brain function leading to dementia, disability 
and, finally, death. Two pathological lesions, namely the neurofibrillary tangle (NFT) and the 
senile plaque, are hallmarks of the disease and these neuritic plaques and NFT are largely 
associated with dementia. NFT, which contain a highly phosphorylated form of the microtu­
bule associated protein tau, is the major intracellular pathology of AD, while senile plaques are 
extracellular and are primarily composed of amyloid-p. '̂  The mechanisms involved in the 
formation of these lesions or neuronal death are largely unknown although recent findings 
indicate a key role for the aberrant re-entry of neurons into the cell cycle. 

A Mitotic Phenotype Appears in Alzheimer Disease 
A growing number of cell cycle-related proteins are found associated with the susceptible 

and vulnerable neurons of AD (Table 1) that, from their temporal and pathological distribu­
tion, are indicative of an early and fundamental role in the pathogenesis of AF). This cycling 
phenotype, rather than a phenotype of cells in a terminally differentiated state, has been re­
viewed elsewhere. Nonetheless, it is important to note that cell growth changes ultimately 
occur through signal transducers that activate specific transcription factors and modulate cell 
cycle control proteins. These proteins themselves are also regulated in a cell cycle-dependent 
manner '̂  and are listed in Table 2. Perhaps of greatest import, however, as regards disease 
pathogenesis, all of the major genetic and protein elements dysregulated in AD, including tau, 
amyloid-P precursor protein (APPP), presenilinl/2, and, possibly, apolipoprotein E (ApoE), 
are also altered during the cell cycle. 

Tau Phosphorylation 
Since increased phosphorylation and decreased microtubule stability are coincident dur­

ing progression through the cell cycle '̂̂  and these cell cycle-related protein alterations are found 
in AD, it is not surprising that microtubular abnormalities and tau phosphorylation are associ­
ated with AD. While the kinases responsible for tau phosphorylation in AD are not com­
pletely characterized, increased residue-specific phosphorvlation of tau occurs in mitotically 
active neurons where phosphorylation is driven by CDKs. '̂̂ ^ Of note, in AD, CDKs, such as 
CDK2 and CDK5, as well as Cdc-kinases and MAP2 kinases, are increased in AD in a topo­
graphical manner that completely overlaps with phospho-tau' '^ and also have been shown to 
hyperphosphorylate tau in in vitro assays. In addition, we recendy demonstrated that CDK7, 
an age-dependent CDK-activating kinase, also associates phospho-tau in AD and may be es­
sential to all other mitotic alterations since CDK7 plays such a crucial role as an activator of all 
the major CDK/Cyclin substrates.^^ Finally, we have shown that cell cycle re-entry leads to tau 
phosphorylation in primary neurons (McShea and Smith, unpublished data). 

Amyloid'^ 
The major protein component of senile plaques, amyloid-P, is derived from a larger pre­

cursor ApPP encoded on chromosome 2\^ and is upregulated secondary to mitogenic stimu­
lation."^^ Further, ApPP metabolism is regulated by cell cycle-dependent changes^ and has neu­
rotrophic effects at low (nM) concentrations consistent with its mitogenic activity in vitro. ' 
Presumably, the effect of amyloid-P is mediated through mitogen activated protein kinase 
(MAPK), and therefore may play a direct role in the induction or propagation of cell 
cycle-mediated events in AD. Therefore, amyloid-P, along with oxidative stress and cell cycle 
re-entry, may have common etiologies. However, it is notable that, while amyloid-P-mediated 
cell death, at least in vitro, is dependent on the presence of various cell-cycle-related elements, 
in vivo analysis of the basal nucleus of Meynert and the locus ceruleus, where amyloid-P is 
rarely seen, found little or no topographical relationship between amyloid-P and the ectopic 
expression of cell cycle markers in diseased brains. ' Thus, amyloid-P may only become 
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toxic in vivo when the neuronal cell cycle machinery is activated or when levels exceed the 
body s ability to regulate its turnover. 

Presenilins 
Mutations in the human presenilin genes 1 and 2 (PS-1/2) found on chromosomes 14 

and 1, respectively, are linked to early onset AD. The association of presenilins with cen-
trosomes and centromers, and the link between PS-1/2 and Notch-based signaling through 
cadherin-based cell-cell adherence junctions,^^ indicates that PS-1/2 may play critical roles in 
cytoskeletal anchorage, cell division, chromosome segregation, cell fate, ' early embryonic 
development, and tumorigenesis. In this regard, we and others have shown that overexpression 
of PS-1/2 leads to cell arrest in the Gi phase of the cell cycle, an effect that is potentiated by 
expression of the PS-2 (N141I) mutation. Overexpression also yields a loss of calcium ho­
meostasis, increased oxidative stress, and increased susceptibility to apoptotic death, with 
AD-linked mutations of presenilins showing greater effect.̂ '̂̂ ^ Further, PS-1 mutations desta­
bilize beta-catenin and can potentiate neuronal apoptosis, by reducing the capacity of neu­
rons to induce endoplasmic reticulum chaperones.^^ Alternatively, induction of apoptotic sys­
tems via PS-1/2 and ApPP mutations, could also lead to the upregulation of CDKs since 
expression of Cyclin/CDKs, in addition to driving cell proliferation and growth control, are 
also implicated in neuronal death signaling and apoptosis (see Fig. l).^i'5i'52 j^jee^^^ ^-ĵ ^ differ­
ential activity of AD-linked PS-1 in the beta-catenin-signaling pathway indicates a key role for 
cadherins in the pathogenesis of AD. Therefore, one would also expect the subsequent induc­
tion of p27 (Ogawa et al, submitted) and inhibition of Cyclin E/CDK2, while increasing 
expression of p21^^ and consequendy an inhibition of proliferation. In addition, a block from 
progression at the Gl/S phase boundary, by PS (and possibly ApPP) mutations, would likely 
residt in the accumulation of cell cycle control proteins as is seen in AD. Therefore, PS muta­
tions confer a contracted time course to the underlying pathophysiology of AD. 

ApPP, through the stimulation of Ras-dependent MAPK cascade in vivo, is correlated 
with highly phosphorylated tau.^ The early p21 Ras expression pathway is activated during the 
posttranslational modification of ApPP and tau phosphorylation, which precedes neurofibril­
lary degeneration and amyloid-P formation. Additionally, the presence of p21, highly phos­
phorylated tau, Ki-67, and cell cycle-associated nuclear antigen protein (PCNA), may have a 
role in the production of abnormally phosphorylated tau which then leads to the formation of 
cytoskeletal derangements in susceptible neurons. This strong link points to cell cycle reacti­
vation and the upstream ectopic expression of cell cycle markers as a critical, and common, 
early event in AD pathogenesis. 

Go Exit, Gi Entry, and Mitogenic Drivers in Alzheimer Disease 
Quiescence, cell division, and differentiation are states central to the regulation of growth 

and development. Increased growth stimuli, as in extrinsic mitotic pressure, activate key factors 
for Go exit and G\ progression, including the complex-forming CDKs, i.e., CDKs 4, 5, 6, 7 
(see Table 1), and their cognate activating cyclins, i.e., Cyclin D l , D3, E and Bl (see Table 1). 
These complexes are able to phospho-regulate a wide variety of relevant substrates. Together, 
they orchestrate DNA replication, cytoskeletal re-organization, and cellular metabolism re­
quired for proliferation, development, and cell cycle progression. While it has been argued that 
a number of the cell-cycle related phenomena found in AD can also occur as sequelae to other 
processes, such as apoptosis, trophic-deprivation, and DNA repair (see Table 2), ' ' we 
propose that the re-emergence of, or sensitivity to, extrinsic signals initiates an attempt to 
re-enter into the cell division cycle, with progression being limited by the degree of mitotic 
competence of the adult neuron. 



82 Cell Cycle Mechanisms and Neuronal Cell Death 

Mifogenic or 
/Zr'^u/th Factor 

regrin' 
I mediated Factors 

Figure 1. The complex relationship between cell survival and cell death pathways. 

The identity of the signal(s) that lead the neuron to attempt exit from a quiescent state 
and re-enter the cell cycle remains yet to be determined. However, a number of growa:h factors 
and mitogens are elevated in the AD brain and may drive cell cycle re-entry. Re-sensitization to 
these exogenous or surface-derived signals can lead to the activation of the mitotic engine and 
drive cell proliferation as seen in AD. Candidate growth factors, elevated in the AD brain 
include, but are not limited to, neurotrophic factors, nerve growth factor (NGF), transforming 
growth factor beta-1 (TGF-P), platelet-derived growth factor (PDGF), epidermal growth 
factor (EGF), and basic fibroblast growth factor (bFGF). ' ^ Additionally, insulin-like grow^ 
factor-1, which has been shown to mediate transient site-selective increases in tau phosphory­
lation in primary cortical neurons, is involved in axonal growth and development and can 
mediate the cytoskeletal reorganization that occurs during neurite outgrowth and, perhaps, in 
aberrant neuronal sprouting. 

Apoptotic Avoidance in Alzheimer Disease 
Apoptotic avoidance by itself can be viewed as both suiFicient and necessary for transfor­

mative processes. Therefore, we made a systematic study of the caspase cascade proteins in AD 
by evaluating the presence and/or absence of central initiator (caspases 8 and 9) and the execu­
tioner (caspases 3, 6 and 7) proteins of apoptosis. Our study revealed that although up­
stream initiator caspases were present in association with the pathological lesions in all cases of 
AD, downstream executioner caspases, including 3 and 7, that signal the onset of the execution 
phase of apoptosis, remained at control levels in vulnerable populations indicating an absence 
of effective distal propagation of the caspase-mediated apoptotic signal(s). This lack of down­
stream amplification of signaling via the caspase pathway may well account for the lack of an 
apoptotic phenotype but the development of a mitotic phenotype in AD. Notably, expression 
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Table 1. Cell cyde-spedfic markers found associated with Alzheimer disease 

Marker 

Cyclin A 
Cyclin B 
Cyclin C 
Cyclin D (D3) 
Cyclin E 
p34cdc2/cdk 1 
Cdk4/Cdl<6 
Cdk5/p25/p35 
Nclk cdc2-like kinase 
Cdk7/MPM2 
Cdc42/rac 
p21ras 
MRG 15 
Ki-67 
p105/pRb 
pCNA 
p107/pRb 
c-myc 
p53/MDM2 
ATM 
Raf/Raf-1 
p16INK4ap18p15p19 

p27/Kip1 
WAF-1/p21/Cip1 

Polo-like kinase 

Role 

S to G2/M 
G2/M 
No Known Role 
G0/G1/lateG1/S 
G1 toG1/S 
Late G2/M 
G1/G1/S 
G2 D1, D3 G1 Cyclins 
Cyclin A kinase 
CDK activated kinase 
GTPase/cell division 
G protein/MAPK 
M phase regulator 
LateG1,S,G2,M 
G2/M TF 
Non cell-cycle specific 
Cdk2/4/6, check pt 
S to G2 checkpoint 
Repressor complex 
Check-point 
Check point kinase 
CyclinD/cdk4/6 inhibitors 
of M phase 
Cyclin D and E /cdk7 inhibitor 
Multi-Cyclin /cdk-inihibitor 
(G1 and S) 
G2/M check point 

Association with Alzheimer Disease 

6,70 
21,22,35,71 

35,71-73 
21,22,74 
6,7,16,35,70,71,75 
31,32,35,75,76 
17,76-83 
17,20,76,84 
23,72,73 
36 
46,54,55,70,85 
86 
21,22,56,87 
31,56,87 
35 
31,46 (negative association) 
46 (negative association) 
88,89 
46 
90 
19,32,70,72,73,91 

46 (negative association),72,73 
92 

93,94 

of cyclin/CDKs, in addition to driving cell proliferation and growth control, has dual con­
served roles as they are also implicated in apoptotic signaling. '̂ '̂̂  

Redox Imbalance and Cell Cycle Re-Entry 
Energy is an obligate requirement for dividing cells. Therefore, before mitosis, there is 

division and redistribution of cellular organelles such that during late S, G2 and mitotic phases, 
mitochondrial proliferation is most evident. Notably, in AD, increases in the number of 
mitochondria are found in the same neurons that also exhibit cell cycle related abnormalities 
and undergo subsequent oxidative damage and cell death. While in a normally mitotic cell, 
mitochondrial replication is imperative for providing the energy needed for cell division, in 
AD where neuronal cell cycle is interrupted or dysfunctional, we suspect that neurons incur a 
"phase stasis" with excessive mitochondria. Such "excess" mitochondria are then potent sources 
of free radicals and cause homeostatic and redox imbalances, especially in those redox reactions 
involving calcium metabolism.^ ^ Thus, cell cycle dysfunction, when mitochondrial mass is 
highest, poses an elevated, and possibly chronic, oxidative assault upon the cell, far beyond the 
blunting capacity of endogenous antioxidants. 

Importantly, imbalances in redox homeostasis are also played out via numerous signal 
transduction cascades, which are also intimately linked to cell cycle control. Indeed, activation 
of p38 MARK and ERK links tau phosphorylation, oxidative stress, and cell cycle-related events 
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Table 2, Cell cycle-associated proteins found in Alzheimer disease 

Marker 

PP2AorPP2B 
PP-1 
Cdc25 Cdc25A 
PKQ Wnt path 
PKA 
PKN 

PI3K 
AKT/PKB/RAC 
TGFBeta/TAK 
p44/p42MAPK(ERK1/2) 
CamK 
p38 MAPK 
JNK/(SAPK-2/3)-
alpha gamma 
MEK 
GSK-3 and beta Catenin 

P120/E-cadherin 

c-fos 
14-3-3/14-3-3zeta 
c-jun/p39, AP-1 
Fyn 

p53 
Rho 
Rap Rab 
Sos-1 

Grb-2 

Role 

Phosphatase (CdkS, cdc2) 

Phosphatase G2/M 
Translation control 
Kinase 
Kinase 

Kinase 
Kinase 
Kinase 
MAP kinase 
Kinase Ca /Calmodulin regulated 
Kinase 
Kinase (stress activated) 

MAPK Kinase 
Proline dependent protein kinase 
(PDPK) 
Adhesion complex 
TF / regulator 
Adaptor protein 

TF component 
Transcription factor 

TF / DNA damage 
G-protein 
G-protein 
Guanine nucleotide exchange 
factor 
Adaptor 

Association with Alzheimer Disease 

76,95-98 
81,95 
99,100 
101-109 
110,111 
112 

113-116 
112,116-119 
120,121 
16,38,54,70,122-135 
136 
37,133,134,137-139 
38,133,134,140 

70,126 
17,49,76,77,80,81,109,113, 
118,119, 122,133,137,141-151 
152 

153 
154,155 
101,153,156-159 
160-162 

21,22,163 
112,164 
90 
33 

33 

in AD.̂ '̂̂ '̂̂ ^ '̂̂ ^^ MEK, ERKl/2, cyclins, cyclin-dependent kinases and their inhibitors, i.e., 
pl6INK4a family, and p21Ras are elevated early in AD and co-localize in pyramidal neurons 
with NFT.'̂ ^ Neuronal ERK is increased in AD, and phosphorylation, as ŵ ell as phosphoryla­
tion of p38 and CREB, by nerve grovvth factor or epidermal growth factor, is differentially 
modulated by oxidative and other stresses.'^^ In support of this notion, compromised mito­
chondrial function was found to lead to increased cytosolic calcium and to the activation of 
MAPKs (ERKl/2).^^^ Likewise, activated forms of ERK are found decreased in cells 
overexpressing heme oxygenase-1 (HO-1), indicating that tau and HO-1 both serve overlap­
ping protective roles in regulating oxidative stress. Importantly, there is abundant evidence 
that oxidative stress and free radical damage plays an essential role in the pathogenesis of 
AD.3«''7i''72 Therefore, it is notable that free radicals, free-radical generators, and antioxidants 
also act as crucial control parameters of the cell cycle. ̂ ^̂ '̂ ^ 

Finally, there is abundant support for the notion that imperfect clearance of proteins, 
damaged or modified by oxidation processes, contributes to cell death by interfering with 
essential cell functions. ̂ "̂^ Impairments in the ubiquitin-dependent protein degradation sys­
tem, which is aimed at clearing and preventing the progressive accumulation of misfolded or 
aggregated and ubiquitinated proteins, is a cytopathological feature in many neurodegenerative 
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Control 

Figure 2. "Cycling towards dementia" involves cell cycle dysregulation in AD. 

disorders, including AD.^^ '^^^ In support of this notion, accumulation of phosphorylated 
neurofilaments and the increase in apoptosis-specific protein and phosphorylated c-Jun is in­
duced by proteasome inhibitors. ̂ ^̂  This speaks to the importance of cellular context in this 
process, and the fact that the ubiquitin-proteasome pathway plays an important role in the 
regulation of critical cellular processes, which include the cell cycle, cytoskeletal organization, 
and gene transcription, e.g., c-fos, p53, p21 and p27. Such proteolysis is known to drive the 
cell cycle by regulating the oscillations in activity of CDKs and perturbations in this process 
also likely contribute to the dysregulated cell cycle seen in AD.^^^ In this regard, any event that 
would also upset the balance between the signal transduction pathways for survival, or those 
for growth, as well as those for death or differentiation, would likely shift this delicate balance. 
Ultimately, this shift would determine the fate of select neuronal cells and population subsets 
by largely favoring one set of pathways over another. The net result of this cross table would 
impact survival or death to the cell and perhaps offer an explanation for the protracted time 
course, which is seen in most neurodegenerative diseases (see Fig. 1). 

Other damaging factors like hyperglycemia, reducing sugars and the presence of reactive 
oxygen and nitrogen species can have a direct role in mediating protein crosslinking and, thus, 
the accumulation of undigested material in AD.^^^' ' ^̂  In support of this notion, caloric 
restriction has been shown to selectively modulate the age-associated induction of genes encod­
ing proteins involved in inflammatory and stress responses. 

Conclusions 
Cycling toward dementia requires an imbalance and despite their supposedly quiescent 

status, vulnerable neurons in AD display a cell cycle phenotype, albeit an aberrant one (see Fig. 
2). Further, it is becoming increasingly apparent that an altered and protracted cell cycle stasis 
exists in susceptible neurons in AD. In fact, these "abnormalities" may be a partial response to 
the genotoxic stress and metabolic imbalance common in degenerating neurons. Therefore, 
any re-emergence of sensitivity to extrinsic signals, i.e., neurotrophic factors, may initiate an 
attempt to re-enter into the cell division cycle, with progression being limited by the degree of 
mitotic competence. Successful dysregulation of the cell cycle, coupled with a multilevel apoptotic 
avoidance system, fulfills both the sufficient and necessary criteria for the initiation of an onco­
genic transformation and therefore, early in the course of AD, neurons likely face the recruit­
ment of similar mechanisms, i.e., AD is analogous to cancer. Unfortunate as it may be to our 
higher-order structures, this opera of cell cycle appears to be unsustainable in neurons and 
eventually leads to stasis in a specific phase of the cell division cycle, cellular dysfunction and in 
the end-death. 
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CHAPTER 7 

From Cell Cycle Activation to the Inhibition 
of the Wnt Pathway: 
A Hypothesis of How Neurons Die in Response 
to p-Amyloid 

Agata Copani, Filippo Caraci, Maria Angela Sortino, Ferdinando Nicoletti 
and Andrea Caricasole 

A decade of studies has substantiated the concept that mitotic reactivation is the way 
neurons die in numerous neurodegenerative disorders. ' Most of us tend to agree w îth 
the original hypothesis by Heintz that apoptotic death is the result of a failed attempt 

of neurons to enter the cell cycle; however, we are unaware of when and how a dividing adult 
neuron dies. As yet, we do not know precisely where to look for these answers given our poor 
knowledge of what in the cell cycle of a normally dividing cell applies to a neuron. In this 
review, we will try to answer some of these mechanistic questions focusing on the ectopic 
reentrance of differentiated neurons into the cell cycle initiated by (J-amyloid (A^).̂ '̂̂ ^ In 
doing so, we will address the obscure issue of replicative DNA synthesis in adult neurons, its 
relationship with DNA damage, tau protein hyperphosphorylation and apoptotic death, and 
we will finally discuss some pharmacological perspectives. 

The Regulation of the Cell Cycle by AP 
Cell cycle in proliferating cells depends on the sequential activation of cyclin (Cyc)/cyclin 

dependent protein kinases (CDKs), which control the transition through the different phases 
of the cycle. Activation of CDK4-6 by the cyclin partner, Cyc D, is involved in the progres­
sion of the mid G1 phase, whereas activation of CDK2 by Cyc E and CycA controls Gl/S 
transition, and S phase progression. Finally, the Cyc B/CDKl complex is the regulator of the 
G2/M transition. 

Ap activates the cell cycle in neurons by inducing the sequential expression of cell cycle 
proteins usually functioning in proliferating cells. Following Ap treatment of rat cortical 
neurons, we observed the induction of cyclin D1 and the phosphorylation of retinoblastoma 
(the substrate of Cyc D/CDK4-6 complexes), followed by the induction of cyclin E and A. The 
most interesting observation was that AP-treated neurons started DNA replication before un­
dergoing apoptosis. DNA replication was assessed by fluorescence-activated cell sorter (FACS) 
analysis of DNA contents, thus eliminating the potential bias of a bromodeoxyuridine labeling 
of DNA synthesis associated with DNA repair rather than DNA replication. By means of 
FACS analysis, which allows the simultaneuos evaluation of S phase and apoptosis, we found 
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that blockade of the Gl/S transition using a cydin Dl antisense or a dominant-negative mu­
tant of CDK-2 prevented both Ap-induced DNA replication and apoptosis.^^ 

A number of conclusions can be drawn from these and other studies. '̂̂ ^ First, neurons, 
although postmitotic and highly differentiated cells, express constitutively some cell cycle regu­
latory elements (e.g., CDKs). They can also be induced to express cell cycle proteins (e.g., 
cyclins), and perhaps they miss just few essential components of the cell cycle. Second, the 
reactivation of the cell cycle is an obligatory step in the apoptotic pathway evoked by Ap. 
Third, and most important, the ectopic S phase triggers the death of neurons. How? We thought 
that the answer could stay in the mechanisms that allow neurons to replicate their DNA. 

The DNA Replication Machinery Activated by A^ in Adult Neurons 
Sequential activation of DNA polymerase (pol)-a, and -8 or -£ (for a review, see Re£ 16) 

mediates DNA synthesis in proliferating cells. Pola with its associate primase activity, is unique 
among DNA pols because of its ability to initiate de novo DNA synthesis. The enzyme synthe­
sizes short RNA-DNA primers for the leading strand synthesis and for each Okazaki fragment 
on the lagging strand. Pola is constituted by four distinct proteins with molecular weight of 
180, 70, 58 and 49 kD. The pi80 subunit is the catalytitic subunit of pol-a, while the p49 and 
p58 subunits form the primase complex. Pol8 and/or pole are thought to function as major 
replicative DNA pols by replacing pola and extending the nascent DNA primers. Both en­
zymes are endowed with a proofreading exonuclease activity that is suited for replication with 
minimal errors. 

In addition, pola coordinates DNA replication to cell cycle responses in a way that the 
onset of mitosis is blocked while DNA is being synthesized or damaged. Pol5 and pole can 
function as DNA repair enzymes for the correction of mismatch errors that have escaped the 
editing process during replication. Thus, the coordinated management of the activity of mul­
tiple DNA polymerases is a fundamental aspect of DNA replication in normally dividing cells. 

Unlike the replicative DNA pols, certain pols are specialized to bypass with high fidelity 
specific types of DNA damage occuring during replication. However, these pols produce errors 
at a high frequency when they operate on undamaged DNA.^^ These specialised pols include 
poip, which is the smallest known DNA pol. Polp partecipates in base excision repair, a repair 
pathway universally present in living cells for eliminating and replacing oxidised bases. 

At present, we lack the exact knowledge of the repertoire of DNA pols expressed by neu­
rons. Most of the informations come from the use of pharmacological inhibitors with a certain 
degree of selectivity towards individual DNA pols. In isolated neuronal fractions, polp activity 
was found to be predominant, although some pol6/e and a little pola activity were also present. 
However, the contribution of dividing neuronal precursors to these activities could not be 
excluded. ^ 

Cultured cortical neurons express pol8 and its ancillary protein, PCNA, but not pole. 
Treatment of neurons with toxic concentrations of APP induces the expression of the p49 and 
the p58 subunits of the primase/pola complex. Intriguingly, the pi80 catalytic subunit of 
pol-a remains undetectable in neurons treated with ApP. ApP instead induces the expression 
of the repair enzyme polp in a cell-cycle dependent manner. This is unusual, because expres­
sion of pol-P is expected to be regulated by the extent of DNA damage but not by the activa­
tion of the cell cycle. 

Moreover, the knockdown of poip prevented AP-induced DNA synthesis and the ensuing 
apoptosis; similar effects were observed by knocking down the p49 primase subunit. These 
results suggest that ApP activates a primase-directed, but non-canonical, pathway of DNA 
replication that is mediated by polp in neurons (Fig. 1). 
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Figure 1. Hypothetical model showing the pathological cascade induced by AP in neurons. Extracellular Ap 
induces the activation of an unscheduled cell cycle through an unknown mechanism. DNA synthesis results 
from the sequential involvement of DNA primase, DNA poip, and DNA pol5. The noncanonical replica­
tion carried out by polp generates mismatches (msm) in the newly generated DNA strand, thus contributing 
to the overall DNA damage in neurons challenged with Ap. The ensuing increase in p53 may either promote 
the execution phase of apoptotic death, via the induction of Bax and other pro-apoptotic factors, or trigger 
a slow degenerative process via the induction of DKK-1 and the resulting inhibition of the Wnt pathway. 

Cell Cycle Signaling, DNA Damage and Neuronal Apoptosis 
An unanswered question is how the noncanonical pathway of D N A replication initiated 

by Ap leads to neuronal apoptosis. Given that poip is an error-prone enzyme, one possibility is 
that the aberrant D N A replication induced by Ap might contribute to the overall D N A dam­
age observed in A D (Alzheimer's disease) neurons (Fig. 1). Accordingly, an increased expres­
sion of p53, an established sensor of D N A damage, occurs in neurons challenged with Ap and 
is prevented by knocking down polp. The presence of tetraploid neurons in AD brain"̂  
suggests that this error-prone replication mechanism somehow proceeds without signaling to 
cell cycle checkpoints until neurons become loaded with unsustainable D N A damage. In other 
words, de novo D N A synthesis might be a potential source of replication errors which can 
contribute to reach the threshold for the activation of a p53 /DNA damage-dependent pathway 
of death in neurons^ ̂  (Fig. 1). Thus, the contribution of the cell cycle to the death of neurons 
may not be always indispensable, and might depend on the severity of the insult (i.e., strong 
insults can be sufficient to cause lethal D N A damage) and/or on the vulnerability of neurons. 

Waiting to reach the threshold for death, neurons might acquire the features peculiar to a 
specific disease. To this regard, we found that by slowing down the execution of apoptotic 
death with a caspase inhibitor we could amplify the phenomenon of tau hyperphosphorylation 
in ApP-treated neurons. Interestingly, the p53 target gene, dickkopf-1 (DKK-1), was critically 
involved in the process of tau hyperphorylation'^'^ (Fig. 1). DKK-1 is a negative modulator of 
the Wnt signaling pathway, which promotes developmental neuroproliferation and 
differentiaton and is also required to maintain the survival of mature neurons challenged 
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Figure 2. DKK-1 released extracellularly negatively modulates the Wnt pathway by interacting with the Wnt 
coreceptor LRP5/6, which is then iransferred inside the cell and is no longer available to bind Wnt. The 
increased GSK3P activity (resulting from the inhibition of the Wnt pathway) leads to tau protein 
hyperphosphorylation and to the degradation of p-catenin. This leads to a reduced expression of neu­
rotrophic genes regulated by the transcriptional activity of p-catenin. Lithium and valproate (divalproex) 
can overcome the detrimental effects of DKK-1 by inhibiting GSK3P activity. 

with A^.^ ''^^ Activat ion of this pathway leads to the inhib i t ion of the putative 
tau-phosphorylating enzyme glycogen synthase kinase-3p (GSK-3p) by dissociating the en­
zyme from a multiprotein complex that involves axin, adenomatous polyposis coli, and 
P-catenin."^ By inhibiting GSK3P, the Wnt signaling pathway precludes the formation of 
neurofibrillary tangles. Inhibition of GSK3P also prevents phosphorylation of P-catenin, which 
thus escapes degration and translocates to the nucleus where it drives the expression ofWnt-target 
survival genes, such as Bcl-2 (Fig. 2). We found that DKK-1 expression in Ap-treated neu­
rons was dependent on p53, and that the knock-down of DKK-1 nearly abolished tau 
hyperphosphorylation. In A D brain, DKK-1 was present in neurons expressing p53 and it was 
colocalized with neurofibrillary tangles. Thus, it appears that Ap triggers a pathological cascade 
in neurons by activating an unscheduled cell cycle leading to an abnormal D N A synthesis 
carried out by the "noncanonical" enzyme D N A poip. D N A damage may be generated by this 
and additional factors, including excitotoxicity and inflammation (Fig. 1). The residting in­
crease in p53 expression might be viewed as a central element in D N A repair (in surviving 
neurons), execution of apoptotic death (in neurons that are rapidly killed by Ap), and tau 
hyperphosphorylation (in neurons that die slowly as a result of cytoskeletal derangement) (Fig. 
1). The fate of the latter population of neurons will be critically depend on the efficiency of 
additional rescue pathways that can compensate for the DKK-1-induced inhibition of the Wnt 
pathway. Among these, the phosphatidylinositol-3-kinase/Akt pathway activated by membrane 
tyrosine kinase receptors (such as insulin, bFGF or neurotrophin receptors) is a likely candi­
date because it negatively regulates the activity of GSK3P through a phosphorylation mecha­
nism mediated by phosphorylated-Akt (Fig. 3). It is particularly interesting that polymorphic 
variations of the p85oc subunit of the phosphatidylinositol-3-kinase might increase the risk of 
developing late-onset AD. ^ 
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Figure 3. The overall sensitivity of vulnerable neurons to the inhibition of the Wnt pathway is critically 
influenced by complementary receptor signaling pathways leading to the inhibition of GSK3p. Both 
G-protein coupled receptors (GCPRs) and tyrosin kinase (Tyr-K) receptors may control the activity of 
GSK3p through the phosphatidylinositol-3-kinase (PI-3-K)/Akt pathway. Stimulation of the PI-3-K path­
way by activated GCPRs is mediated by the pysubunit of the G protein. Tyr-K receptors activated by insulin, 
insulin-like growth factor-! (IGF-I), neurotrophins, and other trophic factors, stimulate PI-3-K through 
tyrosin phosphorylation mechanisms. Activated (phosphorylated) Akt phosphorylates GSK3p at Ser 9, 
inhibiting the enzyme activity. A defective functioning of insulin receptors or other "rescuing" receptors will 
increase neuronal susceptibility to the detrimental effect of DKK-1, facilitating the formation of neurofibril­
lary tangles. 

Pharmacological Perspectives 
In an effort to put the management of the cell cycle into a therapeutic perspective, we 

must move from evidence obtained in cultured neurons exposed to Ap. Exogenous transform­
ing growth factor-P (TGF-P) protects neurons against AP by halting the cell cycle.^^ Estrogens 
enhance the secretion of TGF-P from astrocytes in culture, and the collected medium protect 
neurons against Ap toxicity^^ (Fig. 4). Thus, one possible strategy would be to promote cell 
cycle arrest by inducing the local production of endogenous cytostatic factors such as TGF-p . 
Agonists of group-II metabotropic glutamate receptors (i.e., mGlu2 and -3) increase the pro­
duction of T G F p in cultured astrocytes^^'^"^ and protect neurons surrounded by astrocytes 
against A P toxicity^^ (Fig. 4). 

Cytostatic drugs that act as C D K inhibitors (e.g., mimosine and flavopiridol) are protec­
tive against Ap-induced toxicity;'^ however, the adverse eflfects of these drugs (that are proper 
to all antineoplastic agents) might seriously limit their use. 

Since the repair enzyme poip carries out a large component of D N A replication and 
apoptotic death in neurons exposed to Ap, specific inhibitors of this enzyme, such as the natu­
ral glycoside prunasin, shoiJd be tested for their ability to prevent AP toxicity. It is likely that 
selective inhibitors of poip might represent a key to neuronal-specific cell cycle inhibition as 
opposed to classical antineoplastic agents. 

Finally, drugs that mimic the W n t pathway by inhibiting GSK3P, such as lithium ions, 
divalproex, or synthetic enzyme inhibitors, are promising for their potential ability to prevent 
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Figure 4. Agents that are known to protect neurons against Ap toxicity, such as mGlu2/3 receptor agonists 
and estrogens may stimulate astrocytes to produce transforming growth factor-p (TGFp) in addition to 
other neuroprotective factors. TGFp would act on neighbour neurons by inducing cell cycle arresting factors 
(i.e., p l5 , p21, and p27), which inhibit the activity of CDKs, thus halting the progression of the cycle 
initiated by AP (modified from J Cereb Blood Flow Metab 2001; 21:1013-1033). 

tau hyperphosphorylation and neurofibrillary tangle formation (see Fig. 2). A phase II clinical 
trial sponsored by the National Institute of Neurological Disorders and Stroke (NINDS) is 
currently evaluating the efficacy of lithium and/or divalproex in reducing phosphorylated tau 
in the CSF of AD patients. 
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