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Abstract

The last decade has revealed that the lifespan of an organism can be modulated by the signaling pathway that acts downstream of the
insulin/insulin-like growth factor 1 receptors (IR/IGF1-R), indicating that there is a “program” that drives the process of aging. New results
have now linked the same pathway to the neurogenic capacities of the aging brain, to neurotrophin signaling, and to the molecular pathogenesis
of Alzheimer’s disease. Therefore, a common signaling cascade now seems to link aging to age-associated pathologies of the brain, suggesting
that pharmacologic approaches aimed at the modulation of this pathway can serve to delay the onset of age-associated disorders and improve
the quality of life. Work from a wide range of fields performed with different approaches has already identified some of the signaling molecules
that act downstream of IGF1-R, and has revealed that a delicate checkpoint exists to balance excessive growth/“immortality” and reduced
growth/“senescence” of a cell. Future research will determine how far the connection goes and how much of it we can influence.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In 1906 the German physician Alois Alzheimer described
the case of a severe cognitive decline in a 51-year-old woman
that resembled previously described forms of senile “demen-
tia”. He also attempted (and this was very unusual for his
time, the beginning of the 20th century) to link the clini-
cal/mental manifestations of the patient to a very detailed
pathological analysis of the brain performed by his close
collaborator, the Italian Gaetano Perusini (an exciting report
on the early story of Alzheimer’s disease is offered in Bick
(1999)). The description of the disease included extracellu-
lar dense deposits (amyloid plaques) and twisted bands of
fibers inside the neurons (neurofibrillary tangles). Today, this
degenerative brain disorder bears his name, Alzheimer’s dis-
ease (AD), and the observation of amyloid (or senile) plaques
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and neurofibrillary tangles at autopsy is still required to obtain
a definitive diagnosis of AD.

During the last century we have experienced a sharp
increase in average lifespan, which has led to a marked
increase in the number of individuals reaching the seventh
and eight decade of their life, resulting in a parallel increase
in the prevalence and incidence of age-related disorders. In
2000, the number of individuals affected by AD in the world
was estimated to be approximately 11.5 million, with approx-
imately 4.5 million in the United States and the rest almost
equally split between Europe and Southeast Asia. Because
of the increased lifespan of the population, this number is
expected to rise to approximately 14 million in the United
States and 50 million worldwide by 2050. The distribution of
AD patients among the different age-groups shows a sharp
increase with aging. In fact, in 2000, 5% of the patients were
between the ages of 65 and 74 years, 18% were between the
ages of 75 and 84 years, and 45% were 85 years of age and
older (Hebert et al., 2003; Thal et al., 2004). Therefore, the
peculiar and unusual form of neurodegeneration described
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by Alzheimer has become the leading cause of dementia in
the world and one of the most common age-related diseases
(Costantini et al., 2005a; Hebert et al., 2003; Morris, 1999).

This review will try to tie together the findings implicat-
ing the insulin-like growth factor 1 receptor (IGF1-R) in the
regulation of lifespan to those that connect the same recep-
tor to some of the events associated with normal aging of
the brain and the Alzheimer form of neurodegeneration. Its
main objective is to summarize these exciting new develop-
ments, and to bridge events thought to be totally unrelated.
Hopefully, this approach will stimulate further interest of the
scientific community in the molecular and biochemical events
that influence the normal process of aging of the brain.

2. AD pathology

The pathological and histological hallmarks of AD
include amyloid plaques, neurofibrillary tangles, and amy-
loid angiopathy accompanied by diffuse loss of neurons and
synapses in the neocortex, hippocampus and other subcor-
tical regions of the brain. The dominant component of the
plaque core is the amyloid B-peptide (A3) organized in fib-
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rils of approximately 7-10 nm intermixed with non-fibrillar
forms of this peptide. The most characteristic form of the
amyloid plaque, the “neuritic plaque”, is characterized by
a dense core of aggregated fibrillar A, surrounded by dys-
trophic dendrites and axons, activated microglia, and reactive
astrocytes (reviewed in Selkoe, 1999, 2004). In addition, dif-
fuse deposits of AP (probably a pre-fibrillary form of the
aggregated peptide) are also found without any surrounding
dystrophic neurites, astrocytes, or microglia; these plaques
appear diffuse (therefore, called “diffuse plaques”) and can
be found in limbic and association cortices, as well as in the
cerebellum (where the classical neuritic plaques are always
absent) (reviewed in Selkoe, 1999, 2004).

AP is a 39-43 amino acid hydrophobic peptide proteolyt-
ically released from a much larger precursor, the amyloid
precursor protein (APP) (Fig. 1). The generation of A3 from
APP requires the sequential recruitment of two enzymatic
activities: B-secretase, also called BACE]1 (for beta-site APP
cleaving enzyme) (Hussain et al., 1999; Sinha et al., 1999;
Vassar et al., 1999; Yan et al., 1999), and +y-secretase, a
multimeric protein complex containing presenilin, nicastrin,
Aph-1, Pen-2, and CD147 (Francis et al., 2002; Goutte et al.,
2002; Yu et al., 2000; Zhou et al., 2005). The 3 cleavage is
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Fig. 1. Schematic view of AP generation from APP. APP is a type 1 membrane protein with a large extracellular domain, a single membrane-spanning domain,
and a short cytoplasmic tail. The AP region of APP (in yellow) includes the first 12—14 amino acids of the membrane domain. The initial enzymatic step for
the generation of AP requires proteolysis of APP at {3 site (amino acid 1 of the AR region). This event liberates a large N-terminal fragment (sBAPP) that is
rapidly secreted into the extracellular milieu and a small C-terminal fragment (3-APP-CTF) of 99 amino acids (Costantini et al., 2005a; Puglielli et al., 2003b;
Selkoe, 1999). The removal of sBAPP most likely induces a conformational change and/or a shift of the 3-APP-CTF from the lipid bilayer allowing subsequent
cleavage by the y-secretase multimeric complex. The shift from the bilayer might be necessary to allow the cleavage of the peptide bond, which requires a
molecule of water. However, the structure of the active y secretase complex, which has recently been resolved by electron microscopy, shows a central aqueous
chamber with two exit ports (Lazarov et al., 2006; Ogura et al., 2006), suggesting that the cleavage could occur without involving a shift of the B-APP-CTF
outside of the lipid bilayer. Once generated, the AP peptides aggregate in the brain in the form of plaques. Further cleavage of 3-APP-CTF at the ¢ site liberates
the signaling active APP intracellular domain (AICD). In addition to the above 3/ pathway, APP can also be cleaved at the « site (between amino acids 16-17
of the AP region), precluding the generation of AR (Costantini et al., 2005a; Puglielli et al., 2003b; Selkoe, 1999).
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the rate-limiting step and occurs before y cleavage. It liber-
ates a large N-terminal fragment of the protein (s3APP) that
is released in the extracellular milieu, and a small (~12 kDa)
membrane-anchored fragment called 3-APP-CTF (or C99).
The release of the large N-terminal domain allows subsequent
v cleavage, and liberation of A3 and the signaling active intra-
cellular domain of APP (AICD) (Fig. 1). y cleavage does
not seem to be sequence specific and normally occurs either
at position 40 or 42 of the AP region generating AB4p and
A4y, respectively. Release of AR in the extracellular milieu
is followed by oligomerization and aggregation in the form
of amyloid plaques. The molecular mechanisms involved in
the secretion, aggregation, and toxicity of AP are still in
part unknown (reviewed in Selkoe, 1999; Walsh and Selkoe,
2004).

Neurofibrillary tangles are observed almost exclusively
in the cytoplasm of neurons. They appear as paired, heli-
cally twisted protein filaments and are made of highly
stable polymers of cytoplasmic proteins called tau. Tau pro-
teins constitute a group of alternatively spliced proteins
found in the cytoplasm that possess either three or four
microtubule-binding domains and that can assemble with
tubulin, thus helping the formation of cross-bridges between
adjacent microtubules. Tau proteins can be phosphorylated
in multiple sites and the degree of phosphorylation inversely
correlates with binding to microtubules. Therefore, highly
phosphorylated tau proteins dissociate from microtubules and
polymerize into the above described filaments (reviewed in
Lee et al., 2001b). In addition to AD, the abnormal accumu-
lation of filamentous tau is observed in frontotemporal forms
of dementia, which include progressive supranuclear palsy,
corticobasal degeneration, and Pick’s disease. Finally, mul-
tiple mutations in the fau gene have been found associated
with frontotemporal dementia with parkinsonism, therefore
indicating that tau themselves can produce neurodegenerative
disorders (reviewed in Lee et al., 2001b). The possible role
of tau proteins in the pathogenesis of AD, and their potential
interaction with A is still a matter of discussion. Studies in
transgenic animals indicate that human A3 — but not tau —
is sufficient to cause a mouse neuropathology that resembles
human AD (reviewed in Gotz et al., 2004). However, studies
in both AD patients (Delacourte et al., 2002) and mouse mod-
els (reviewed in Gotz et al., 2004) seem also to suggest that
AP and tau can synergistically interact, fostering their respec-
tive aggregation and the neuronal loss. These arguments seem
to find further validation in the fact that suppression of tau can
improve memory function in an AD mouse model (SantaCruz
et al., 2005).

3. Insulin/IGF1 receptors: a signaling pathway for
the general program of aging

Insulin and insulin-like growth factor 1 (IGF1) have sim-
ilar tertiary structures and substantial amino acid identity.
IGF1 is mostly secreted into the blood by the liver where its

synthesis is regulated by the pituitary growth hormone (GH).
However, many other tissues, including the brain, are also
able to synthesize IGF1 locally where it is not under the con-
trol of GH (Costantini et al., 2006; Lupu et al., 2001; Sun et
al., 2005). The proof that brain IGF]1 is not under the control
of circulating GH comes essentially from Ghr™~ and Ames
dwarf (Prop 19%) mice. The former animals have a selective
disruption of the GH receptor and cannot secrete IGF1 in
response to GH (Lupu et al., 2001), whereas the latter have a
defect in the production and secretion of GH by the anterior
pituitary (Sun et al., 2005). Both animals have undetectable
levels of IGF1 in the serum, but completely normal levels
of IGF1 in the brain (Lupu et al., 2001; Sun et al., 2005).
In addition, Ames dwarf mice (Sun et al., 2005) also show
normal activation of IGF1-R signaling in different areas of
the brain. This is further supported by the fact that primary
neurons secrete IGF1 in the conditioned media in the absence
of any hormonal stimulation (Costantini et al., 2006). In con-
trast to IGF1, insulin is almost exclusively synthesized and
secreted into the plasma by pancreatic beta cells.

Although plasmatic IGF1 decreases during aging, brain
IGF1 shows either no change or a slight increase during aging
(Carro and Torres-Aleman, 2004). In addition, the plasmatic
levels of its cognate ligand, insulin, increase during aging,
most likely because of progressive peripheral resistance.
Insulin resistance is also a risk-factor for AD (Carro and
Torres-Aleman, 2004; Galasko, 2003) and has been impli-
cated with several aspects of AD neuropathology (Carro and
Torres-Aleman, 2004), including production/secretion of A3
(Carro and Torres-Aleman, 2004; Craft et al., 2003; Galasko,
2003; Watson et al., 2003).

Insulin and IGF1 bind to high-affinity tyrosine kinase
receptors, the insulin receptor (IR) and the IGF1 receptor
(IGF1-R), which are widely expressed throughout the body,
including the brain (Bondy and Cheng, 2004). Co-expression
has been reported in many brain areas, including cortex and
hippocampus (Bondy and Cheng, 2004; Werther et al., 1987,
1990). IR and IGF1-R are also expressed on brain capillaries
and mediate the high-efficiency translocation of insulin and
IGF1 into the brain across the blood-brain-barrier (BBB)
(Reinhardt and Bondy, 1994). Cross-binding of insulin to
IGF1-R at the level of the BBB has been reported, but IGF1
translocation occurs with higher efficiency (Reinhardt and
Bondy, 1994). IGF1 can mimic insulin-like signaling in the
brain (Bondy and Cheng, 2004), suggesting a partial over-
lapping of IR and IGFI-R signaling abilities. Even though
cross-reaction can occur, each receptor binds to its own lig-
and with a 100-1000-fold higher affinity than that of the
heterologous peptide. In agreement with these biochemical
observations, IR and IGF1-R have certain shared functions,
but also very distinct biological roles, and activate com-
pletely different sets of genes (Dupont et al., 2003; Jones
and Clemmons, 1995).

IR and IGF1-R share a high degree of identity in their
primary and tertiary structure. The functional active receptor
contains two o and two B subunits. The two disulfide linked
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Fig. 2. Schematic diagram of IGF1-R signaling in mammals and Caenorhabditis elegans. The description of the signaling pathway is in the text. The common

elements in mammals and worms are shown in red.

o subunits constitute the extracellular ligand-binding domain
of the functional IR and IGF1-R. The signal transducing and
largely intracellular 3 subunits share a high degree of amino
acid identity in the tyrosine kinase domain (~85%). IGF1-
R has a slightly longer carboxyl-terminal domain with an
additional tyrosine phosphorylation site, which represents the
only apparent structural difference between IR and IGF1-R.
This domain shows only a ~45% identity between the two
receptors (Ullrich et al., 1986). As a consequence of this high
level of homology/identity, hybrid receptors, comprised of
an insulin af-hemireceptor and an IGF1 af3-hemireceptor,
can form in tissues and cells expressing both IR and IGF1-
R (Federici et al., 1997a,b). Whether hybrid receptors play
specific roles in mediating insulin and/or IGF1 signaling is
still unknown.

Upon binding to their own ligand, IR and IGF1-R undergo
auto-phosphorylation, associate with intracellular adaptor
proteins called insulin/IGF1 receptor substrates (IRS) pro-
teins, and activate either the PKB/Akt or the RassyMEK/ERK
signaling pathways in order to transduce IGF1 actions
(Bondy and Cheng, 2004) (Fig. 2, left panel). Akt acti-
vation requires phosphorylation of phosphatidylinositol
(3,4)biphosphate (also called PIP2) by a phosphatidylinositol
3-kinase (PI3K) in order to generate the second messenger
phosphatidyilinositol (3,4,5)triphosphate (also called PIP3).
This pathway is under the inhibitory control of the phosphate
and tensin homologue deleted on chromosome ten (PTEN)
anti-oncogene, which converts PIP3 back to PIP2 and down-
regulates the expression levels of IGF1-R (Maehama and
Dixon, 1999; Maier et al., 2004). An additional point of
regulation is provided by the p44:p53 ratio. p44 is a natu-

rally occurring short isoform of the transcription factor p53
(Scrable et al., 2005), and seems to act by stabilizing p53
tetramers (Campisi, 2004). Conditions that favor p44 versus
p53 will down-regulate PTEN — thus releasing its inhibitory
block — and activate the signaling cascade downstream of
PIP3, and the “fail-safe” pathway downstream of Ras/Raf
(Maier et al., 2004) (some of the above events are schemati-
cally described in the left panel of Fig. 2).

Compelling evidence indicates that the IR/IGF1-R sig-
naling pathway plays a major role in controlling maximum
lifespan and, at some extent, the incidence/prevalence of
age-associated diseases (Brown-Borg, 2003; Kenyon, 2005;
Longo and Finch, 2003). IGF1-R’s role during aging has
been demonstrated in all species analyzed so far, including
yeast, Caenorhabditis elegans, D. melanogaster, and mam-
mals (Brown-Borg, 2003; Kenyon, 2005; Longo and Finch,
2003). A partial block of the IGF1-R signaling pathway is also
achieved by caloric restriction, which extends the maximum
lifespan and delays many biological changes that are associ-
ated with aging (Sohal and Weindruch, 1996; Weindruch and
Sohal, 1997).

The initial evidence linking the IGF1-R signaling path-
way to the general process of aging came from C. elegans,
where mutations in age-I, coding for PI3K (Fig. 2, right
panel) resulted in extension of adult lifespan (Friedman and
Johnson, 1988; Klass, 1983). This initial observation was
later on linked directly to IGF1-R when mutations in daf-2,
coding for the common insulin/IGF1 receptor, were found
to double the maximum lifespan of the animal (Kenyon
et al., 1993; Kimura et al., 1997). These effects were also
observed with mutations of the D. melanogaster ortholog
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of the common insulin/IGF1 receptor (Tatar et al., 2001).
Similar approaches led also to the identification of daf-16,
coding for a FOXO family transcription factor, daf-18, cod-
ing for PTEN, and chico, coding for an insulin/IGF1 receptor
substrate (IRS)-like signaling protein (reviewed in Kenyon,
2005; Tissenbaum and Guarente, 2002).

Later on, C. elegans served to show that DAF-2 acts
upstream of AGE-1, which in turn regulates DAF-16, there-
fore providing a clear molecular cascade that controls aging
in the worm (Kenyon, 2005; Longo and Finch, 2003). DAF-
16 is the apparent final downstream output of this pathway,
as indicated by the fact that null mutations of daf-16 suppress
the phenotype produced by the double-mutant combination
of daf-2 and age-1 (Lin et al., 1997; Ogg et al., 1997). In
addition, the regulation of daf-16 seems to involve lipophilic-
hormone signaling between the reproductive system and the
intestine of C. elegans, can be modulated by different out-
puts (including kri-1 and daf-9), but can also be bypassed
by a parallel and partially independent pathway mediated by
daf-12 (Berman and Kenyon, 2006; Gerisch et al., 2001; Hsin
and Kenyon, 1999; Motola et al., 2006; Rottiers et al., 2006).
Finally, the daf-2/daf-16 pathway seems also to be — at least in
part —under the control of the lin-4/lin-14 system, which pro-
vides a regulatory function of IGF1-R signaling in the adult
tissue of C. elegans (Antebi, 2005; Boehm and Slack, 2005).
Therefore, a complex cross-talk between different genes (and
tissues) is required to achieve fine tuning of a program that
determines the lifespan and aging process of an organism. A
more detailed overview of the many genes found to mod-
ulate lifespan in different model organisms can be found
in Refs. (Beckstead and Thummel, 2006; Kenyon, 2005;
Longo and Finch, 2003; Tissenbaum and Guarente, 2002). It
is worth stressing the fact that the longevity induced by daf-2
mutations requires the functional activity of AAK-2, the cat-
alytic subunit of the AMP-activated protein kinase (AMPK),
which regulates many metabolic and transcriptional events
(Apfeld et al., 2004). In D. melanogster, AMPK exerts an
inhibitory control on the biosynthesis of fatty acids and iso-
prenoids, and on the hydrolysis of diet-derived cholesterol
esters. Disruption of AMPK in D. melanogaster produces
the loe phenotype, which is characterized by a vacuolar form
of neurodegeneration and by a marked increase in the o/p3-
like shedding of APPL, the fly homolog of human APP
(Tschape et al., 2002). Therefore, an increased activity of
AMPK extends lifespan in the worm (Apfeld et al., 2004),
whereas a functional inactivation induces a dramatic form of
neurodegeneration and activates the processing of APPL in
the fly (Tschape et al., 2002).

In contrast to worms and flies, mammals have separate
receptors for insulin and IGF1. Homozygous disruption of
IGF1-R in mice is not viable; however, heterozygous animals
lacking only one allele of the receptor have a lifespan that is
longer than wild-type (~30% in females and ~18% in males;
the difference in males did not reach statistical significance)
with no apparent manifestation of disease (Holzenberger et
al., 2003). Similar results (~18% increase in lifespan) were

obtained with the selective disruption of IR in the adipose
tissue (Bluher et al., 2003). This effect is not limited to the
receptor itself, but can also be extended to the ligand. In
fact, Ames dwarf mice, which have a defect in the pituitary
gland and do not secrete IGF-1 in the plasma, live longer than
normal animals and exhibit normal cognitive functions (even
in old age) (Brown-Borg, 2003; Brown-Borg et al., 1996;
Flurkey et al., 2001).

In contrast to the above, hyper-activation of the IGF1-
R signaling pathway in p44*"* transgenic mice accelerates
the progression of aging and shortens the maximum lifespan
(Maier et al., 2004). The p44** phenotype is reminiscent of
the p53+/ ™ mice, where truncation of the N-terminal domain
of p53 generates a hypermorphic p53 and leads to short lifes-
pan and early onset of aging phenotypes (Tyner et al., 2002).
The p44** mouse system offers a very attractive model
by delineating a previously unknown level of regulation of
IGF1 signaling (Maier et al., 2004). The involvement of the
p53:p44 system in the regulation of lifespan and age-related
events has received further demonstration by the observa-
tion that the genetic disruption of p53 reverts the accelerated
aging phenotype observed in Zmpste24 '~ mice (Varelaetal.,
2005).

It is also important to point out that p53 is found mutated
in many forms of cancers, suggesting that the p53:p44 ratio
regulates the balance between excessive growth/tumor gener-
ation and reduced growth/early senescence (Campisi, 2004).
Interestingly enough, p44** mice, which have increased p53
activity, show a premature loss of neurogenic capacity in
the brain that is linked to accelerated brain aging (Medrano
and Scrable, 2005). Notably, the altered p53:p44 activity
observed in p44** mice affects the balance between cell
proliferation and cell death by affecting only the rate of cell
proliferation—but not the rate of cell death. Therefore, loss of
P53 activity leads to accelerated cell growth (and cancers),
whereas increased p53 activity leads to early arrest of cell
growth, premature aging, and increased production of A3
(see later).

Although IGF1 levels in the cerebrospinal fluid (CSF)
exhibit no change or a slight increase during aging (Carro and
Torres-Aleman, 2004), the expression levels of the receptor
(IGF1-R) show a dramatic and progressive increase in both
cortex and hippocampus that correlates with learning deficits
in aged rats (Chung et al., 2002a,b; Stenvers et al., 1996).
A recent study in the brain of normally aged individuals
has also found an age-associated increase in the expres-
sion of IR (Lu et al., 2004). Finally, correlation studies in
normally aged volunteers confirm that disturbances in the
IGF1/IGF1-R pathway are associated with poor performance
on neuropsychological tests evaluating different cognitive
functions normally affected by age (Sytze van Dam and
Aleman, 2004). These events are not reverted by administra-
tion of GH or normalization of serum IGF1 levels, suggesting
— but not proving — a direct involvement of the receptor-
mediated signaling pathway in the brain rather than plasmatic
IGF1 (Sytze van Dam and Aleman, 2004).
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4. IGF1-R, neurotrophin signaling, and AD: a tale of
receptors and second messengers

4.1. p75NTR and ceramide: an unexpected link

While trying to analyze the role that the cell-surface
sphingolipids GM1 and sphingomyelin (SM) played in the
clustering of APP into cholesterol-rich-domains (lipid rafts)
and in the metabolism of A, we surprisingly found that
ceramide, the product of SM hydrolysis, could regulate the
rate of AP generation by affecting the molecular stabil-
ity of BACE1 (Puglielli et al., 2003a). Ceramide is a lipid
second messenger that can regulate many of the biochemi-
cal and genetic events that occur during senescence/aging,
and is, therefore, an attractive candidate as molecular bridge
between normal aging and AD.

The existence of a relationship between ceramide and
“aging signaling” is mostly indicated by cellular studies
showing that both exogenous and endogenous ceramide can
reduce the replicative capacities of primary cells and induce
a senescent phenotype (Venable et al., 1995; Venable and
Obeid, 1999). It is worth remembering that somatic cells have
a limited lifespan in culture beyond which they can no longer
proliferate (also known as the “Hayflick limit”) (Shay and
Wright, 2000). The endpoint of this mitotic life in culture has
been termed “cellular senescence”. Senescence in vitro does
not imply death in cells any more than in vivo senescence;
indeed, cells may live for years after they stop dividing. The
length of the proliferative lifespan inversely correlates with
both the age of the donor organism and the life expectancy
of the species from which the cells were obtained (Smith and
Pereira-Smith, 1996). Finally, spontaneous senescence is a
dominant and irreversible process that can only be overrid-
den by DNA tumor viruses, and delayed (at least in certain
instances) by overexpression of telomerases (Cristofalo et
al., 2004; Venable and Obeid, 1999). As a result, cellular
senescence is acknowledged as a model for aging research.
Indeed, many of the factors that influence cellular senescence
have also been involved with longevity; conversely, molecu-
lar/genetic events that are affected by organismal aging are
also affected by cellular senescence (Shay and Wright, 2000;
Smith and Pereira-Smith, 1996; Venable and Obeid, 1999).

An interesting connection between replicative capacity of
a cell and ceramide comes from the yeast Saccharomyces
cerevisiae, which shows a marked increase in lifespan when
a gene called longevity-assurance gene 1 (LAG]I) is deleted
(D’Mello et al., 1994). Lag1 resides in the endoplasmic retic-
ulum and shows C26-ceramide synthase activity both in vivo
and in vitro (Guillas et al., 2001; Schorling et al., 2001). The
extension of lifespan by LAG/ deletion in the yeast is rescued
by the human homolog LAGIHs, which is highly expressed
in the brain, along with testis and skeletal muscle (Jiang et
al., 1998). Even though it is difficult to draw a direct connec-
tion between the yeast phenotype and mammalian aging, the
fact that ceramide levels increase during cellular senescence
and organismal aging (Cutler et al., 2004; Lightle et al., 2000;

Miller and Stein, 2001; Mouton and Venable, 2000) adds sup-
port to the concept that this lipid plays an important role in
longevity and age-associated events. Of particular interest is
also the fact that ceramide levels are higher (approximately
three-fold) in the brains of AD patients, when compared to
age-matched controls (Cutler et al., 2004; Han et al., 2002).

Following our initial observation, we have recently found
that ceramide production in the mouse brain is activated in
an age-dependent fashion (Costantini et al., 2005b), and is
closely followed by a parallel increase in BACEI steady-
state levels, B cleavage of APP, and AP generation. The
age-associated activation of ceramide was specifically linked
to the expression levels of the tyrosine-kinase A (TrkA)
and p75 (p75NTR) neurotrophin receptors. Indeed, an expres-
sion pattern in which TrkA predominates in younger animals
switches to one in which p75NTR predominates in older ani-
mals. The TrkA to p75NTR molecular switch is responsible
for an age-dependent activation of nSMase, the enzyme that
is responsible for the hydrolysis of SM and consequent liber-
ation of the second messenger ceramide (Fig. 3, right panel).
The strict requirement for p75N 'R was proved by using ani-
mals expressing a truncated version of the receptor that lacks
the ligand-binding domain (p75NTRExonII=/=) "whereas the
requirement for ceramide was confirmed by treating wild-
type animals with an irreversible and competitive inhibitor
of nSMase (Costantini et al., 2005b). In addition, nSMase
inhibitors were not effective when used with either primary
neurons or animals that express a signaling inactive form
of p75NTR | therefore positioning ceramide down-stream of
p75NTR (Fig. 3, right panel) (Costantini et al., 2005b). Finally,
when NGF was administered to neuroblastoma cell lines
expressing either TrkA or p75SNTR, only p75NTR expressing
cells responded by increasing ceramide production and the 3
cleavage of APP (Costantini et al., 2005b). In contrast, TrkA
expressing cells showed an apparent decrease in {3 cleavage of
APP, suggesting a dual and differential role in the regulation
of the initial enzymatic step for A generation. However, this
effect might not be limited to 3 cleavage since TrkA activa-
tion seems also able to reduce the generation of AICD (Tarr
et al., 2002).

The use of a cellular system where only one receptor was
expressed proved to be very important. In fact, when ana-
lyzing TrkA and p75N'R binding to NGF, we must be aware
of the fact that TrkA acts as homo-dimer (TrkA-TrkA) or
hetero-dimer (TrkA—p75NTR) (Fig. 4) forming high-affinity
binding complexes with NGF (the normal stoichiometry
of the NGF:TrkA binding is 2:2), whereas p75NTR can
bind to NGF as a monomer, with a stoichiometric ratio
of 2:1 (NGF:p75NTR) (He and Garcia, 2004; Zampieri and
Chao, 2004). One “bizarre” consequence of this is that the
TrkA—p75NTR complex forms a high-affinity binding site
(Ka~1071% to 107! M instead of 1078 to 10~?) for the
mature NGF that transduces TrkA — but not p75NTR — sig-
nals (Kalb, 2005). This issue, which was initially interpreted
as a simple controversy caused by the different experimental
approaches used, is now being reinterpreted as a fundamen-
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Fig. 3. IGF1-R acts upstream of p75NTR in regulating A generation during aging. The progressive activation of IGF1-R expression levels and signaling activity
in the brain that characterizes aging leads to a switch in the expression levels of neurotrophin receptors TrkA and p75NTR (Costantini et al., 2005b, 2006). This
event requires the adaptor protein IRS2 and class I PI3Ks, which phosphorylate PIP2 at position 5 of the inositol head group activating the second messenger
PIP3. The activation of p75NTR leads to a progressive and age-associated activation of nSMase, which results in hydrolysis of SM and liberation of the active
second messenger ceramide (Costantini et al., 2005b). Ceramide, in turn, is responsible for the molecular stabilization of BACEI, the rate-limiting enzyme for
the generation of AR (Puglielli et al., 2003a). The question marks indicate the signaling cascades that act downstream of PIP3 and ceramide, which are still
unknown. Similarly, the adaptor protein that allows p75NTR to activate nSMase has not been identified yet.

tal and important property of neurotrophin signaling (Chao,
2003; Kalb, 2005; Nykjaer et al., 2005). Therefore, over-
expression of p75NTR on a TrkA background may very
well potentiate TrkA-, rather than p75NTR-mediated events
(Fig. 4). Indeed, TrkA can “silence” p75 'R signaling in cel-

lular systems (Kalb, 2005; Plo et al., 2004), in addition to
promoting p75NTR proteolytic clearance (Domeniconi et al.,
2005; Jung et al., 2003; Kanning et al., 2003; Weskamp et
al., 2004) through a mechanism that seems to involve both
trans-activation (Kanning et al., 2003) and ligand-binding
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Fig. 4. The stoichiometry of binding with NGF influences the signals transduced by TrkA and p75NTR. TrkA can bind NGF both as homo-dimer (TrkA + TrkA,
left panel) or hetero-dimer (TrkA + p75NTR, right panel) (He and Garcia, 2004; Kalb, 2005; Zampieri and Chao, 2004). In contrast, the crystal structure of the
p75NTR/NGF complex indicates that the functional NGF dimer binds a single p75N™ monomer (middle panel)—even though it does not rule out the possibility
for NGF to engage p75N™R as a homodimer (He and Garcia, 2004). The affinity binding of the NGF dimer:TrkA homodimer does not differ from the NGF
dimer:p75N™ monomer (or homodimer). However, the TrkA + p75N™R complex has a higher affinity (Kq ~ 10710 to 1071 vs. Kg ~ 1073 to 10~%) for NGF
(discussed in the text). Therefore, expression of p75NTR on a TrkA background may facilitate the generation of bimolecular (1 TrkA + 1 p75NTR) signaling
complexes transducing TrkA — and not p75NTR — signals.
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(Domeniconi et al., 2005). These events may all be part of a
rather complex form of regulation of neurotrophin signaling,
potentially influenced by aging itself (Bergman et al., 1999;
Costantini et al., 2005b, 2006; Johnson et al., 1999).
p75NTR is a member of the tumor necrosis factor recep-
tor superfamily (TNFRSF) and interacts with all the different
members of the neurotrophic factor family: the nerve growth
factor (NGF), the brain-derived neurotrophic factor (BDNF),
neurotrophin-3, and neurotrophin-4 (reviewed in Ibanez,
1998). In addition to p75NTR, the above neurotrophins also
bind to tyrosine kinase receptors (TrkA, TrkB, and TrkC).
Signaling specificity is determined by ligand-binding affini-
ties to the different receptors. Several studies have shown the
existence of cross-talk between the different neurotrophins
and the Trk receptors: more than one neurotrophin may bind
to the same Trk receptor, and more than one Trk receptor may
bind to the same neurotrophin (reviewed in Ibanez, 1998).
Even in the case of p75NTR, there seem to be subtle differ-
ences in the ligand-binding affinities, which allow p75NR to
discriminate between the different neurotrophins.

Like all other TNFRSF members, p75NTR can transduce
both death and survival signals (Dechant and Barde, 2002).
This may involve either different affinities to the ligand(s)
(Ibanez, 1998), in concert with co-receptors that would deter-
mine the exact message to be translated (Mi et al., 2004;
Nykjaer et al., 2004), or cytoplasmic interactors, which mod-
ulate the interaction of the receptor with the “active” signaling
molecule (Dechant and Barde, 2002; Zampieri and Chao,
2004). On this front, it is important to stress the fact that
p75NTR is devoid of intrinsic catalytic activity and, therefore,
its signaling abilities rely on intracellular interactors. In the
case of the second messenger ceramide, it is not known how
p75NTR activates nSMase. Whether such activation requires
adaptor proteins, physical “connection”, or molecular inter-
action with nSMase remains to be determined.

Mature NGF normally interacts with both TrkA and
p75NTR with similar affinities (dissociation constant Ky in
the 1078 to 10~ M range) (Kalb, 2005). However, pro-NGF,
the uncleaved form of NGF, binds to p75NTR with five times
greater affinity than mature NGF, and shows very low affinity
binding to TrkA (Lee et al., 2001a). This might be partic-
ularly relevant, since the levels of pro-NGF found in the
brain of AD patients are higher than in age matched con-
trols (Fahnestock et al., 2001; Peng et al., 2004), therefore
providing a further level of risk over that already provided
by normal aging. This line of thought seems to find its own
validation from the AD11 mouse model expressing trans-
genic antibodies that neutralize brain NGF (reviewed in Ref.
(Capsoni and Cattaneo, 2006)). In fact, these mice develop
several features of AD neuropathology, which include high
A levels, amyloid plaques, and neurofibrillary tangles. This
phenotype was initially interpreted as solely caused by the
lack of NGF signaling in the areas of the brain that are
typically affected by AD pathology. However, it was soon
realized that the transgenic NGF-neutralizing antibody pro-
duced by AD11 mice had very low or no affinity to pro-NGF,

suggesting an alternative model in which the lack of NGF sig-
naling (most likely through TrkA) would facilitate pro-NGF
signaling through p75NTR . This model found its own valida-
tion when it was observed that genetic disruption of p75NTR
completely abolished the high AP levels, the intracellular
deposits of AR, and the plaque pathology observed in these
mice. In conclusion, the different experimental approaches
employed with the AD11 mice (reviewed in Capsoni and
Cattaneo, 2006) overall suggest that when NGF is neutralized
by the recombinant anti-NGF antibodies, pro-NGF signals
through p75NTR, and activates the production of AB and its
consequent aggregation/accumulation into intracellular and
extracellular (amyloid plaques) deposits. Conversely, when
p75NTR is removed or NGF signal (through TrkA) is restored,
the amyloid pathology is also abolished. Therefore, a com-
plex set of interactions between ligands (NGF and pro-NGF)
and receptors (TrkA and p75NTR) might be acting upstream of
the cascade of events that leads to AD (also discussed below).

The connection between the TrkA/p75NTR receptor sys-
tem and AD neuropathology seems to find additional
validation from the association between gender and AD. In
fact, it is well known that women experience a sharp increase
in the risk of developing AD after menopause (Henderson,
1997; Manly et al., 2000). This is further strengthened by the
fact that ovariectomy promotes the amyloidogenic process-
ing of APP (Jaffe et al., 1994; Petanceska et al., 2000; Xu et
al., 1998; Zheng et al., 2002), and that these effects are par-
tially or totally reverted by estrogen treatment (Petanceska
et al., 2000; Zheng et al., 2002). Animal studies have also
shown that surgical ovariectomy increases the expression of
p75NTR while decreasing TrkA, at both mRNA and protein
levels. These effects are completely abrogated by exogenous
estrogens (Gibbs, 1998; Jover et al., 2002; Lanlua et al., 2001;
Ping et al., 2002). Therefore, the loss of ovarian function after
menopause would only aggravate the age-associated changes
in neurotrophin receptors, further increasing the risk for AD
in normally aging women.

It is also worth noting that different studies have found
a selective and marked reduction in the expression of corti-
cal TrkA in early and late stages of AD, when compared to
age-matched controls (Counts et al., 2004; Hock et al., 1998;
Mufson et al., 2002, 2003). This seems to occur in the face of
stable (Counts et al., 2004; Hock et al., 1998; Mufson et al.,
2002) or increased (Hu et al., 2002; Mufson and Kordower,
1992) p75NTR and increased pro-NGF (Counts and Mufson,
2005; Fahnestock et al.,2001; Peng et al., 2004). Because pro-
NGF preferentially binds to p75NTR (reviewed in Lee et al.,
2001a), the above changes ultimately lead to increased acti-
vation of p75NTR signaling. Interestingly, p75NTR expressing
cholinergic neurons seem to be more susceptible to cell death
(reviewed in Coulson, 2006) and are also characterized by
increased accumulation of hyperphosphorylated tau (Hu et
al., 2002). Therefore, the above studies seem to support the
notion that the balance between TrkA and p75N R signaling
in the hippocampus and cortex might be directly linked to the
three classical features of AD: A3, tau, and neuronal death.
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4.2. IGFI-R and PIP3: the common culprit

The fact that caloric restriction was able to block/revert
the TrkA to p75NTR switch in mice (Costantini et al., 2005b)
led us to explore the potential role of IGF1-R, the common
regulator of lifespan. Studies in vitro with both human neu-
roblastoma cell lines and primary neurons showed that indeed
IGF1-R acts upstream of both receptors (Costantini et al.,
2006) (Fig. 3). Both genetic silencing of IGF1-R or bio-
chemical inhibition of PI3K, downstream of IGF1-R, were
able to block the TrkA to p75NTR switch (Costantini et al.,
2006). Interestingly enough, primary neurons in culture were
found to go through a neurotrophin receptor switch remi-
niscent of that previously observed in the brain of normally
aging animals: an expression pattern in which TrkA predom-
inates in days 0-3 (in culture) neurons switches to one in
which p75NTR predominates in days 18-24 neurons. This
was closely followed by activation of the second messenger
ceramide, stabilization of BACE]1, and increased production
of AR (Costantini et al., 2006). Gene-silencing approaches
directed toward IgfI-r were able to block the entire cascade of
events, therefore proving that IGF1-R acts upstream. Finally,
analysis of both primary neurons and brain tissue (cortex and
hippocampus) from p44** mice, which have a constitutive
hyper-activation of IGF1-R signaling, showed an early and
accentuated TrkA to p75N TR switch, together with a parallel
activation of ceramide and A3 generation. The use of both
genetics and biochemistry indicated that these events require
the adaptor protein IRS2, PI3K, and conversion of PIP2 into
the active second messenger PIP3 (Fig. 3).

The above events were found to be under the regulatory
control of PTEN and p44: PTEN can block the TrkA to
p75NTR switch downstream of IGF1-R by converting PIP3
into its inactive precursor PIP2, whereas p44 can block
PTEN, therefore releasing the inhibitory function of PTEN
(Costantini et al., 2006). It is worth noting that AD brains
are characterized by decreased levels of PTEN (similarly
to p44*”* mice) and hyper-activation of Akt downstream of
IGF1-R (Anetal., 2003; Griffin et al., 2005; Li et al., 2005). It
is also worth mentioning that ex vivo studies revealed that the
IRS “branch” of IR/IGF1-R signaling can promote tau phos-
phorylation (Lesort and Johnson, 2000; Schubert et al., 2003),
potentially linking the two major hallmarks of AD (A3 and
tau) to the same upstream molecular pathway. Therefore, the
studies implicating IGF1-R signaling to lifespan and aging
have now been connected to those that implicate neurotrophin
signaling to AD neurobiology, providing a molecular bridge
between aging itself and one of the most common forms of
age-related diseases.

Even though the main topic of this review is the signal-
ing pathway acting downstream of IGF1-R, and its role in
aging and AD neuropathology, we must be aware that IGF1,
the preferential ligand for IGF1-R, is also a growth factor
with trophic activities that not always require IGF1-R. In
fact, IGF1 can protect from cell death in vitro (even in cells
that do not express IGF1-R) and can exert neuroprotective

effects in vivo (reviewed in Carro et al., 2003). Some of the
neuroprotective effects documented in vivo seem to involve
the cell-surface receptor megalin/LRP2 (Carro et al., 2005,
2006a,b) and/or transport/clearance across the BBB (Carro et
al., 2005, 2006b). Additionally, plasmatic IGF1 can be nat-
urally cleaved into des-N (1-3)-IGF-1 and the N-terminal
tripeptide, glycine-proline-glutamate (GPE-IGF1) (Sara et
al., 1989; Yamamoto and Murphy, 1994, 1995a,b). Without
interacting with IGF1-R, GPE-IGF1 can cross the BBB, can
stimulate dopamine and acetylcholine release in vitro, and
can protect neurons from hypoxic—ischemic injury (Guan et
al., 2000a,b; Nilsson-Hakansson et al., 1993). Finally, some
of the anti-apoptotic/pro-survival effects induced by IGF1
in vitro do seem to involve signaling molecules that tradi-
tionally act downstream of IGF1-R. However, these actions
also occur in cells that do not express IGF1-R and must
not be confused with IGF1-R signaling. Therefore, we must
always be aware of the fact that IGF1 means more than just
IGF1-R.

5. PIP3 and ceramide: two different lipids with the
ability to act as second messengers

The sequence of events that leads from IGF1-R to AP
requires two lipids, PIP3 and ceramide, that share a few sim-
ilarities, even though they are very different. They both are
found — mostly, but not only — in the plasma membrane; they
both have a fatty acid moiety that anchors them to the lipid
bilayer (Fig. SA and C); they both exist as inactive precur-
sors (PIP2 and SM) under static conditions and are activated
only following extracellular signals (Fig. 5B and D); and
finally, they both can act as second messengers and trans-
duce messages from the extracellular milieu to the inside of
the cell.

5.1. Ceramide

The initial step in ceramide biosynthesis occurs in the
endoplasmic reticulum with the condensation of serine and
palmitoyl-CoA, followed by reduction of 3-ketosphinganine,
acylation of the amide group of sphinganine, and final
dehydrogenation of dihydroceramide. The predominant long-
chain base of ceramide is sphingosine (shown in red in
Fig. 5A), although sphinganine is also found in very
low amounts. Once these initial steps are completed,
ceramide is transported to the Golgi apparatus by two dif-
ferent mechanisms: one protein-mediated, which requires
a ceramide-specific transfer protein (CERT), and another
vesicular-mediated (Hanada et al., 2003; Kumagai et al.,
2005). The ceramide that will serve as substrate for the gener-
ation of sphingomyelin is transported by CERT, whereas the
one that will serve as substrate for glycosylation is translo-
cated by the vesicular-mediated mechanism, indicating that
the biosynthesis of glysphingolipids is segregated and com-
partmentalized very early in the pathway (for review, see also
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Futerman and Riezman, 2005; Hannun and Luberto, 2004;
Munro, 2003).

The initial step in the biosynthesis of major glycosphin-
golipids requires the generation of glucosylceramide by a
ceramide-specific glucosyltransferase, which then will serve
as backbone for further glycosylation. All these glycosylation
steps occur in the Golgi apparatus. In contrast, the biosynthe-
sis of sphingomyelin (SM), which also occurs in the Golgi
apparatus, requires only the addition of choline. The donor
of the choline moiety is phosphatydylcholine (PC) and the
enzyme that carries out the reaction is the sphingomyelin
synthase (Futerman, 1994). Even though most of the SM is
generated very early in the Golgi apparatus (cis- and medial-
Golgi), a SM synthase activity has also been described at the
plasma membrane (PM), which could account for as much as
10-15% of total cell SM synthase (Futerman, 1994; Futerman
and Riezman, 2005).

Following its biosynthesis in the Golgi apparatus, SM is
translocated to the PM, where it is mostly clustered into lipid
rafts in tight association with cholesterol. At the PM, SM can
undergo hydrolysis and liberate ceramide plus choline. The
enzyme that carries out this reaction is called neutral sphin-
gomyelinase 2 (nSMase2) (Hofmann et al., 2000; Marchesini
et al., 2003; Zumbansen and Stoffel, 2002) and is different
from the lysosomal-based SMase that is active at low pH
(hence the name acid SMase) and involved in the catabolism
of ceramide-containing sphingolipids in the lysosomal com-
partment (Sandhoff and van Echten, 1994; Venkataraman and
Futerman, 2000).

The ceramide generated at the cell surface following
hydrolysis of SM has signaling abilities and acts as a lipid
second messenger. It is not clear whether SM hydrolysis
occurs on the outer or inner leaflet of the PM bilayer. How-
ever, ceramide can rapidly equilibrate (“flip-flop™) across the
membrane bilayer; therefore this issue does not pose any
topographical obstacle to the activity of the second messenger
(Venkataraman and Futerman, 2000). Cell surface ceramide
can then recycle back to SM. Whether this step requires retro-
translocation to the Golgi apparatus is not clear yet. However,
the fact that both the donor of choline, PC, and the enzyme,
SM-synthase, are found in the PM may suggest a local form of
regulation of the “ceramide cycle” (Futerman and Riezman,
2005). Even though the above cycle is regarded as the main
pathway for the metabolism and regulation of the signaling
activities of ceramide, it is important to stress that local pools
of SM/ceramides are also found in other cellular membranes.
Whether they can elicit signaling events limited to a specific
organelle is still under debate.

When dealing with the signaling activities of ceramide, it
is always important to consider the fact that the transfer of the
choline phosphate head group from PC to ceramide by SM
synthase results in the formation of SM and diacylglycerol
(DAG). In addition, following SM hydrolysis, ceramide can
be converted to sphingosine, which can be phosphorylated
to sphingosine- 1-phosphate (S1P). Since DAG, sphingosine,
and S1P can also act as signal transducers, it is not difficult to
conceive how one or more of the enzymatic steps delineated
above (and schematically shown in Fig. 5B) can result in
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very complex (and sometimes opposite) biological responses
(reviewed in Yang et al., 2004). Indeed, it is not unusual to
consider ceramide, DAG, sphingosine, and S1P as a “biostat
sensor” system that allows the cell to adapt and respond to
very diverse situations.

5.2. PIP3

Phosphoinositides (PtdIns) are low abundant lipids (less
than 5% of total membrane phospholipids) that are mainly
found in the cytoplasmic leaflet of cellular membranes. They
can be phosphorylated in three different positions — 3, 4, and
5 — of their inositol head group (Fig. 5C), generating differ-
ent species (Fig. SD) that have different biological functions.
PtdIns(3)P and PtdIns(4,5)P, (also known as PIP2) are the
most abundant and seem quite static. They are mostly found
in the PM, endosomes, and, although in smaller amounts,
in the Golgi apparatus, where they serve as an anchor for
the sorting/targeting of proteins containing the pleckstrin
homology (PH) domain and as regulators of endocytosis
(Vanhaesebroeck et al., 2001). The bis-phosphoinositide,
PtdIns(3,4)P,, and the tris-phosphoinositide, PtdIns(3,4,5)P3
(also known as PIP3) are not abundant and seem to be very
dynamic, showing rapid changes in response to extracellular
stimuli.

The critical phosphorylation of the inositol head group
at position 3 requires a specific set of enzymes collectively
called phosphatidylinositol-3-kinases (PI3Ks) or phospho-
inositide 3-kinases (reviewed in Deane and Fruman, 2004).
Depending on their subunit structure and substrate selec-
tivity, PI3Ks are normally categorized as classes I-III. The
conversion of PtdIns into PtdIns(3)P is mainly performed
by class III PI3Ks, whereas the conversion of PtdIns(4)P
into PtdIns(3,4)P, can be performed by both classes I and
II PI3Ks. Finally, class I are the only capable of converting
PIP2 into the critical and better characterized second mes-
senger PIP3 (Fig. 5D). PI3K is a hetero-dimer composed of a
catalytic and regulatory subunit. The catalytic subunit exists
in three isoforms (p100c, p110@B, and p110d), whereas the
regulatory subunit exists in five different isoforms (p85a,
p85B, p55a, pS5y, and p50at) produced by differential splic-
ing of three genes (reviewed in Deane and Fruman, 2004).
When inactive, PI3K is found in the cytoplasm while its sub-
strate, PI(4,5)P,, resides on the cytoplasmic leaflet of the PM.
Upon binding to its extracellular ligand, IGF1-R associates
and phosphorylates IRS proteins. The phosphorylated-Tyr-
X-X-Met sequence on IRS proteins then serves to recruit and
activate the regulatory subunits of PI3K. This event is fol-
lowed by the assembly of the active PI3K heterodymer that
phosphorylates P1(4,5)P; to produce the second messenger
PI(3,4,5)P3.

In addition to the above and more studied PI3K-mediated
pathway, PIP3 can also originate following phosphorylation
at position 5 of the inositol group on PtdIns(3,4)P, by type
I phosphatidylinositol phosphate kinase (PIPK) (reviewed in
Giudici et al., 2004). This previously unknown biochemical

reaction can occur both in vitro (Zhang et al., 1997) and in
vivo (Halstead et al., 2001), and seems to act downstream of
oxidative stress rather than classical growth factors, poten-
tially providing signal specificity to the signal transduced
by PIP3. PIPK seems to be more promiscuous than PI3K
and could be involved in the phosphorylation of additional
positions of the inositol head group, playing an even more
complex regulatory role (Hinchliffe, 2001).

The levels of PIP2 and PIP3 are tightly controlled by a
dynamic equilibrium between the rate of phosphorylation
(by PI3Ks) and dephosphorylation (by PTEN) at position
3 (Fig. 5D). PTEN has both protein (Li et al., 1997; Tamura
et al., 1998) and lipid (Maehama and Dixon, 1999; Myers et
al., 1998; Stambolic et al., 1998) phosphatase activities; how-
ever, most of the functions in signal transduction ascribed to
PTEN seem to be mediated by its lipid phosphatase activ-
ity, which dephosphorylates position 3 of the inositol head
group of PIP3 (Maehama and Dixon, 1999; Myers et al.,
1998; Stambolic et al., 1998). In addition, PIP3 can also
be dephosphorylated at position 5 by SH2-containing inos-
itol 5’-phosphatase proteins (SHIP), which counteract PIPK
(Fig. 5D). The recognition/binding capacity of SHIP seems to
require the Src homology 2 (SH2) domain, which mediates
binding of several additional proteins to PIP3 (Blazer-Yost
and Nofziger, 2005). Therefore, generation of PIP3 not only
recruits proteins that will transduce the signal, but also pro-
teins that will limit the signal by deactivating PIP3 itself.

Mutations in PTEN and SHIP generate non-overlapping
phenotypes, therefore underscoring the importance and dif-
ferential roles played by the above lipids and enzymes
(Blazer-Yost and Nofziger, 2005; Maehama and Dixon, 1999;
Rohrschneider et al., 2000). The importance of the dynamic
equilibrium between the different PtdIns species is also
stressed by the fact that PIP2 is slowly emerging as a pre-
viously unrecognized signal transducer, rather that a simple
inert molecule (Czech, 2000; Hinchliffe, 2000; Insall and
Weiner, 2001). This is further complicated by the fact that
phosphatidylinositols can be cleaved at the myo-inositol
group, producing the soluble inositol phosphate and the lipid
anchored DAG (Fig. 5D), which can also act as signal trans-
ducer (Berridge, 1987).

6. Conclusion

The last decade has surprisingly shown that the lifespan
of an organism can be modulated by the signaling pathway
that acts downstream of the IGF1-R, indicating that there is a
“program” that drives the process of aging. New studies have
now shown that the same pathway can regulate neurotrophin
signaling, the neurogenic capacity of the brain, and the rate
of AP generation. Therefore, a complex molecular cascade
seems to link the normal process of aging to one (or more) of
the initial events involved with the pathogenesis of AD. Obvi-
ously, we still need to identify all the signaling molecules that
act downstream of PIP3 and ceramide (Fig. 3). This might
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be easier for PIP3, since many target molecules that are acti-
vated/recruited by PIP3 are already known. In addition, the
presence of the PH domain can serve to screen for new poten-
tial targets that have not yet been linked to PIP3 signaling. In
contrast, ceramide signaling is still mostly uncertain; specifi-
cally, it is not know how the signal is transferred and whether
ceramide requires a specific targeting sequence/domain(s) to
recruit downstream molecules. In addition, the mechanism(s)
that allow p75NTR itself, which is devoid of any catalytic
activity, to activate nSMase are still completely unknown.
This might require initial dissection of the function(s) of
the cytosolic tail of the receptor. For example, the identi-
fication of the specific sequence that is responsible for the
p75NTR mediated activation of ceramide might lead to the
identification of the adaptor protein(s) responsible for the
recruitment/activation of nSMase.

Finally, the specific mechanism that leads to the TrkA-
to-p75SNTR switch downstream of IGFI-R remains to be
determined. In theory, the expression levels of p75NTR could
be regulated at three different levels: increased transcrip-
tion/translation, reduced clearance, and increased molecular
stability. The last two events are intimately related because a
reduction in clearance would also lead to increased half-life
of p75NTR  On this regard, the fact that TrkA can stimulate
the proteolysis of p75SNTR (Kanning et al., 2003) seems to
support a possible post-translational event. Indeed, the down-
regulation of TrkA would reduce the proteolytic clearance
of p75NTR . However, transcriptional regulation is normally
regarded as the primary mechanism used by aging to con-
trol the expression levels of a certain protein. Therefore,
the primary mechanism could still involve an independent
transcriptional regulation of TrkA and p75N'R; the downreg-
ulation of TrkA, in turn, would further potentiate the effects
on p75NTR by reducing the proteolysis of the receptor.

One additional argument that needs to be addressed — the
role of IGF1-R in the progression of AD pathology — will
require the generation of appropriate mouse models. In fact,
even though the connection between IGF1-R and A3 has been
identified and characterized at the molecular level, we still
need to analyze whether hyper-activation of IGF1-R signal-
ing can accelerate the progression of AD-like pathology in a
mouse model. This approach, if successful, would also allow
testing possible biochemical strategies aimed at the modula-
tion of IGF1-R signaling for the prevention of AD. Such a
strategy cannot be performed with the current mouse models
of AD, since they harbor human genes (APP and/or pre-
senilins) carrying mutations associated with familial-forms
of AD, and, therefore, not under the control of the aging
program.

The main focus of this review was to bring together the
findings that implicate IGF1-R in the regulation of lifespan
to those that connect IGF1-R to neurotrophin signaling, the
progressive loss of neurogenic capacity of the aging brain,
and to the pathogenesis of AD. This connection is partic-
ularly relevant because aging itself is acknowledged as the
single most important risk factor for AD. In fact, the preva-

lence of AD increases sharply after the age of 60 and doubles
with every decade of life reaching ~50% in individuals that
are 85 years of age or older (Hebert et al., 2003; Thal et
al., 2004). In addition, with increasing age, the frequency
of higher neurofibrillary stages and higher A3 stages in non-
demented individuals increases as well, underscoring a strong
relationship between aging and AD pathology (Thal et al.,
2004). However, we still must remember that, by defini-
tion, risk factors (in this case, age) are neither necessary nor
sufficient for the development of a disease. Indeed, approx-
imately 50% of the individuals that are 85 years of age or
older are not affected by any sign of dementia, proving that
a successful aging is possible. Additional risk factors (either
environmental or genetic) might be required to develop the
disorder. Obviously, protective factors might also be involved
in the protection of certain individuals. Therefore, a broad
combination of different approaches (both age- and disease-
oriented), combining different areas of biomedical research,
including biochemistry, molecular biology, and genetics will
be required to completely resolve the rise of the tragic and
devastating disease described by Alois Alzheimer a century
ago.

Conflict of interest

The author has no conflict of interest to disclose.

Acknowledgements

I wish to thank Dr. Rozalyn M. Anderson for help-
ful discussion and critical reading of an early version of
this manuscript. This work was supported by P.H.S. grant
NS045669 from the National Institute of Neurological Dis-
orders and Stroke.

While preparing the reference section, I tried to maintain
a balance between original papers and reviews on selected
topics. The reviews provide additional breadth for those
who wish to gain more insights, whereas the original papers
acknowledge and describe the original findings. However,
due to the large number of references, I apologize to those
whose work could not be included in the final version of this
manuscript.

References

An, WL., Cowburn, R.F,, Li, L., Braak, H., Alafuzoff, I., Igbal, K.,
Igbal, I.G., Winblad, B., Pei, J.J., 2003. Up-regulation of phospho-
rylated/activated p70 S6 kinase and its relationship to neurofibrillary
pathology in Alzheimer’s disease. Am. J. Pathol. 163, 591-607.

Antebi, A., 2005. Physiology. The tick-tock of aging? Science 310,
1911-1913.

Apfeld, J., O’Connor, G., McDonagh, T., DiStefano, P.S., Curtis, R., 2004.
The AMP-activated protein kinase AAK-2 links energy levels and
insulin-like signals to lifespan in C. elegans. Genes Dev. 18, 3004—3009.



L. Puglielli / Neurobiology of Aging 29 (2008) 795-811 807

Beckstead, R.B., Thummel, C.S., 2006. Indicted: worms caught using
steroids. Cell 124, 1137-1140.

Bergman, E., Fundin, B.T., Ulthake, B., 1999. Effects of aging and axotomy
on the expression of neurotrophin receptors in primary sensory neurons.
J. Comp. Neurol. 410, 368-386.

Berman, J.R., Kenyon, C., 2006. Germ-cell loss extends C. elegans life span
through regulation of DAF-16 by kri-1 and lipophilic-hormone signaling.
Cell 124, 1055-1068.

Berridge, M.J., 1987. Inositol trisphosphate and diacylglycerol: two inter-
acting second messengers. Annu. Rev. Biochem. 56, 159-193.

Bick, K.L., 1999. The early story of Alzheimer disease. In: Terry, R.D.,
Katzman, K.L., Bick, K.L., Sisodia, S.S. (Eds.), Alzheimer’s disease,
2nd ed. Lippincott Williams & Wilkins, Philadelphia, pp. 1-9.

Blazer-Yost, B.L., Nofziger, C., 2005. Phosphoinositide lipid second mes-
sengers: new paradigms for transepithelial signal transduction. Pflugers
Arch. 450, 75-82.

Bluher, M., Kahn, B.B., Kahn, C.R., 2003. Extended longevity in mice
lacking the insulin receptor in adipose tissue. Science 299, 572-574.
Boehm, M., Slack, F., 2005. A developmental timing microRNA and its

target regulate life span in C. elegans. Science 310, 1954-1957.

Bondy, C.A., Cheng, C.M., 2004. Signaling by insulin-like growth factor 1
in brain. Eur. J. Pharmacol. 490, 25-31.

Brown-Borg, H.M., 2003. Hormonal regulation of aging and life span.
Trends Endocrinol. Metab. 14, 151-153.

Brown-Borg, H.M., Borg, K.E., Meliska, C.J., Bartke, A., 1996. Dwarf mice
and the ageing process. Nature 384, 33.

Campisi, J., 2004. Fragile fugue: p53 in aging, cancer and IGF signaling.
Nat. Med. 10, 231-232.

Capsoni, S., Cattaneo, A., 2006. On the molecular basis linking nerve growth
factor (NGF) to Alzheimer’s disease. Cell Mol. Neurobiol. 26, 617-631.

Carro, E., Spuch, C., Trejo, J.L., Antequera, D., Torres-Aleman, I., 2005.
Choroid plexus megalin is involved in neuroprotection by serum insulin-
like growth factor I. J. Neurosci. 25, 10884—10893.

Carro, E., Torres-Aleman, 1., 2004. The role of insulin and insulin-like
growth factor I in the molecular and cellular mechanisms underly-
ing the pathology of Alzheimer’s disease. Eur. J. Pharmacol. 490,
127-133.

Carro, E., Trejo, J.L., Gerber, A., Loetscher, H., Torrado, J., Metzger, F.,
Torres-Aleman, 1., 2006a. Therapeutic actions of insulin-like growth fac-
tor I on APP/PS2 mice with severe brain amyloidosis. Neurobiol. Aging
27, 1250-1257.

Carro, E., Trejo, J.L., Nunez, A., Torres-Aleman, 1., 2003. Brain repair and
neuroprotection by serum insulin-like growth factor I. Mol. Neurobiol.
27, 153-162.

Carro, E., Trejo, J.L., Spuch, C., Bohl, D., Heard, J.M., Torres-Aleman,
1., 2006b. Blockade of the insulin-like growth factor I receptor in the
choroid plexus originates Alzheimer’s-like neuropathology in rodents:
new cues into the human disease? Neurobiol. Aging 27, 1618—
1631.

Chao, M.V., 2003. Neurotrophins and their receptors: a convergence point
for many signaling pathways. Nat. Rev. Neurosci. 4, 299-3009.

Chung, Y.H., Shin, C.M., Joo, K.M., Kim, M.J., Cha, C.I., 2002a. Age-
related upregulation of insulin-like growth factor receptor type I in rat
cerebellum. Neurosci. Lett. 330, 65-68.

Chung, Y.H., Shin, C.M., Joo, K.M., Kim, M.J., Cha, C.I., 2002b. Region-
specific alterations in insulin-like growth factor receptor type I in the
cerebral cortex and hippocampus of aged rats. Brain Res. 946, 307-313.

Costantini, C., Kolasani, R.M.K., Puglielli, L., 2005a. Ceramide and choles-
terol: possible connections between normal aging of the brain and
Alzheimer’s disease. Just hypotheses or molecular pathways to be iden-
tified? Alzheimer’s & Dementia 1, 43-50.

Costantini, C., Scrable, H., Puglielli, L., 2006. An aging pathway controls the
TrkA to p75(NTR) receptor switch and amyloid beta-peptide generation.
EMBO J. 25, 1997-2006.

Costantini, C., Weindruch, R., Della Valle, G., Puglielli, L., 2005b. A TrkA-
to-p75SNTR molecular switch activates amyloid beta-peptide generation
during aging. Biochem. J. 391, 59-67.

Coulson, E.J., 2006. Does the p75 neurotrophin receptor mediate Abeta-
induced toxicity in Alzheimer’s disease? J. Neurochem. 98, 654—660.

Counts, S.E., Mufson, E.J., 2005. The role of nerve growth factor recep-
tors in cholinergic basal forebrain degeneration in prodromal Alzheimer
disease. J. Neuropathol. Exp. Neurol. 64, 263-272.

Counts, S.E., Nadeem, M., Wuu, J., Ginsberg, S.D., Saragovi, H.U., Mufson,
E.J.,2004. Reduction of cortical TrkA but not p75(NTR) protein in early-
stage Alzheimer’s disease. Ann. Neurol. 56, 520-531.

Craft, S., Asthana, S., Cook, D.G., Baker, L.D., Cherrier, M., Purganan, K.,
Wait, C., Petrova, A., Latendresse, S., Watson, G.S., Newcomer, J.W.,
Schellenberg, G.D., Krohn, A.J., 2003. Insulin dose—response effects on
memory and plasma amyloid precursor protein in Alzheimer’s disease:
interactions with apolipoprotein E genotype. Psychoneuroendocrinology
28, 809-822.

Cristofalo, V.J., Lorenzini, A., Allen, R.G., Torres, C., Tresini, M., 2004.
Replicative senescence: a critical review. Mech. Ageing Dev 125,
827-848.

Cutler, R.G., Kelly, J., Storie, K., Pedersen, W.A., Tammara, A., Hatan-
paa, K., Troncoso, J.C., Mattson, M.P., 2004. Involvement of oxidative
stress-induced abnormalities in ceramide and cholesterol metabolism in
brain aging and Alzheimer’s disease. Proc. Natl. Acad. Sci. U.S.A. 101,
2070-2075.

Czech, M.P,, 2000. PIP2 and PIP3: complex roles at the cell surface. Cell
100, 603-606.

Deane, J.A., Fruman, D.A., 2004. Phosphoinositide 3-kinase: diverse roles
in immune cell activation. Annu. Rev. Immunol. 22, 563-598.

Dechant, G., Barde, Y.A., 2002. The neurotrophin receptor p7S(NTR): novel
functions and implications for diseases of the nervous system. Nat. Neu-
rosci. 5, 1131-1136.

Delacourte, A., Sergeant, N., Champain, D., Wattez, A., Maurage, C.A.,
Lebert, F., Pasquier, F., David, J.P., 2002. Nonoverlapping but synergetic
tau and APP pathologies in sporadic Alzheimer’s disease. Neurology 59,
398-407.

D’Mello, N.P., Childress, A.M., Franklin, D.S., Kale, S.P., Pinswasdi,
C., Jazwinski, S.M., 1994. Cloning and characterization of LAGI,
a longevity-assurance gene in yeast. J. Biol. Chem. 269, 15451
15459.

Domeniconi, M., Zampieri, N., Spencer, T., Hilaire, M., Mellado, W., Chao,
M.V, Filbin, M.T., 2005. MAG induces regulated intramembrane pro-
teolysis of the p75 neurotrophin receptor to inhibit neurite outgrowth.
Neuron 46, 849-855.

Dupont, J., Dunn, S.E., Barrett, J.C., LeRoith, D., 2003. Microarray analysis
and identification of novel molecules involved in insulin-like growth
factor-1 receptor signaling and gene expression. Recent Prog. Horm.
Res. 58, 325-342.

Fahnestock, M., Michalski, B., Xu, B., Coughlin, M.D., 2001. The precursor
pro-nerve growth factor is the predominant form of nerve growth factor
in brain and is increased in Alzheimer’s disease. Mol. Cell Neurosci. 18,
210-220.

Federici, M., Porzio, O., Zucaro, L., Fusco, A., Borboni, P., Lauro, D.,
Sesti, G., 1997a. Distribution of insulin/insulin-like growth factor-
I hybrid receptors in human tissues. Mol. Cell Endocrinol. 129,
121-126.

Federici, M., Porzio, O., Zucaro, L., Giovannone, B., Borboni, P., Marini,
M.A., Lauro, D., Sesti, G., 1997b. Increased abundance of insulin/IGF-
I hybrid receptors in adipose tissue from NIDDM patients. Mol. Cell
Endocrinol. 135, 41-47.

Flurkey, K., Papaconstantinou, J., Miller, R.A., Harrison, D.E., 2001. Lifes-
pan extension and delayed immune and collagen aging in mutant mice
with defects in growth hormone production. Proc. Natl. Acad. Sci. U.S.A.
98, 6736-6741.

Francis, R., McGrath, G., Zhang, J., Ruddy, D.A., Sym, M., Apfeld, J.,
Nicoll, M., Maxwell, M., Hai, B., Ellis, M.C., Parks, A.L., Xu, W., Li,
J., Gurney, M., Myers, R.L., Himes, C.S., Hiebsch, R., Ruble, C., Nye,
J.S., Curtis, D., 2002. aph-1 and pen-2 are required for Notch pathway
signaling, gamma-secretase cleavage of betaAPP, and presenilin protein
accumulation. Dev. Cell 3, 85-97.



808 L. Puglielli / Neurobiology of Aging 29 (2008) 795-811

Friedman, D.B., Johnson, T.E., 1988. A mutation in the age-1 gene in
Caenorhabditis elegans lengthens life and reduces hermaphrodite fer-
tility. Genetics 118, 75-86.

Futerman, A.H., 1994. Ceramide metabolism compartmentalized in the
endoplasmic reticulum and Golgi apparatus. In: Hoekstra, D. (Ed.), Cur-
rent topics in cell membranes. Cell lipids, vol. 40. Academic Press, San
Diego, pp. 93-110.

Futerman, A.H., Riezman, H., 2005. The ins and outs of sphingolipid syn-
thesis. Trends Cell Biol. 15, 312-318.

Galasko, D., 2003. Insulin and Alzheimer’s disease: an amyloid connection.
Neurology 60, 1886—1887.

Gerisch, B., Weitzel, C., Kober-Eisermann, C., Rottiers, V., Antebi, A.,
2001. A hormonal signaling pathway influencing C. elegans metabolism,
reproductive development, and life span. Dev. Cell 1, 841-851.

Gibbs, R.B., 1998. Impairment of basal forebrain cholinergic neurons asso-
ciated with aging and long-term loss of ovarian function. Exp. Neurol.
151, 289-302.

Giudici, M.L., Hinchliffe, K.A., Irvine, R.F., 2004. Phosphatidylinositol
phosphate kinases. J. Endocrinol. Invest. 27, 137-142.

Gotz, J., Streffer, J.R., David, D., Schild, A., Hoerndli, F., Pennanen, L.,
Kurosinski, P., Chen, F., 2004. Transgenic animal models of Alzheimer’s
disease and related disorders: histopathology, behavior and therapy. Mol.
Psychiatry 9, 664-683.

Goutte, C., Tsunozaki, M., Hale, V.A., Priess, J.R., 2002. APH-1 is a mul-
tipass membrane protein essential for the Notch signaling pathway in
Caenorhabditis elegans embryos. Proc. Natl. Acad. Sci. U.S.A. 99,
775-779.

Griffin, R.J., Moloney, A., Kelliher, M., Johnston, J.A., Ravid, R., Dockery,
P., O’Connor, R., O’Neill, C., 2005. Activation of Akt/PKB, increased
phosphorylation of Akt substrates and loss and altered distribution of Akt
and PTEN are features of Alzheimer’s disease pathology. J. Neurochem.
93, 105-117.

Guan, J., Bennet, T.L., George, S., Waldvogel, H.J., Faull, R.L., Gluck-
man, P.D., Keunen, H., Gunn, A.J., 2000a. Selective neuroprotective
effects with insulin-like growth factor-1 in phenotypic striatal neurons
following ischemic brain injury in fetal sheep. Neuroscience 95, 831—
839.

Guan, J., Krishnamurthi, R., Waldvogel, H.J., Faull, R.L., Clark, R., Gluck-
man, P., 2000b. N-terminal tripeptide of IGF-1 (GPE) prevents the loss
of TH positive neurons after 6-OHDA induced nigral lesion in rats. Brain
Res. 859, 286-292.

Guillas, I., Kirchman, P.A., Chuard, R., Pfefferli, M., Jiang, J.C., Jazwinski,
S.M., Conzelmann, A., 2001. C26-CoA-dependent ceramide synthesis
of Saccharomyces cerevisiae is operated by Laglp and Laclp. EMBO J.
20, 2655-2665.

Halstead, J.R., Roefs, M., Ellson, C.D., D’Andrea, S., Chen, C.,
D’Santos, C.S., Divecha, N., 2001. A novel pathway of cellu-
lar phosphatidylinositol(3,4,5)-trisphosphate synthesis is regulated by
oxidative stress. Curr. Biol. 11, 386-395.

Han, X.D., D., M.H., McKeel Jr., D.W., Kelley, J., Morris, J.C., 2002.
Substantial sulfatide deficiency and ceramide elevation in very early
Alzheimer’s disease: potential role in disease pathogenesis. J. Neu-
rochem. 82, 809-818.

Hanada, K., Kumagai, K., Yasuda, S., Miura, Y., Kawano, M., Fukasawa, M.,
Nishijima, M., 2003. Molecular machinery for non-vesicular trafficking
of ceramide. Nature 426, 803—-809.

Hannun, Y.A., Luberto, C., 2004. Lipid metabolism: ceramide transfer pro-
tein adds a new dimension. Curr. Biol. 14, R163-R165.

He, X.L., Garcia, K.C., 2004. Structure of nerve growth factor complexed
with the shared neurotrophin receptor p75. Science 304, 870-875.

Hebert, L.E., Scherr, P.A., Bienias, J.L., Bennett, D.A., Evans, D.A., 2003.
Alzheimer disease in the US population: prevalence estimates using the
2000 census. Arch. Neurol. 60, 1119-1122.

Henderson, V.W., 1997. The epidemiology of estrogen replacement therapy
and Alzheimer’s disease. Neurology 48, S27-S35.

Hinchliffe, K., 2000. Intracellular signalling: is PIP(2) a messenger too?
Curr. Biol. 10, R104-R105.

Hinchliffe, K.A., 2001. Cellular signalling: stressing the importance of PIP3.
Curr. Biol. 11, R371-R372.

Hock, C., Heese, K., Muller-Spahn, F., Hulette, C., Rosenberg, C., Otten,
U., 1998. Decreased trkA neurotrophin receptor expression in the pari-
etal cortex of patients with Alzheimer’s disease. Neurosci. Lett. 241,
151-154.

Hofmann, K., Tomiuk, S., Wolff, G., Stoffel, W., 2000. Cloning and char-
acterization of the mammalian brain-specific, Mg?*-dependent neutral
sphingomyelinase. Proc. Natl. Acad. Sci. U.S.A. 97, 5895-5900.

Holzenberger, M., Dupont, J., Ducos, B., Leneuve, P., Geloen, A., Even,
P.C., Cervera, P.,, Le Bouc, Y., 2003. IGF-1 receptor regulates lifespan
and resistance to oxidative stress in mice. Nature 421, 182—-187.

Hsin, H., Kenyon, C., 1999. Signals from the reproductive system regulate
the lifespan of C. elegans. Nature 399, 362-366.

Hu, X.Y., Zhang, H.Y., Qin, S., Xu, H., Swaab, D.E,, Zhou, J.N., 2002.
Increased p75(NTR) expression in hippocampal neurons containing
hyperphosphorylated tau in Alzheimer patients. Exp. Neurol. 178,
104-111.

Hussain, 1., Powell, D., Howlett, D.R., Tew, D.G., Meek, T.D., Chapman,
C., Gloger, L.S., Murphy, K.E., Southan, C.D., Ryan, D.M., Smith, T.S.,
Simmons, D.L., Walsh, E.S., Dingwall, C., Christie, G., 1999. Identifi-
cation of a novel aspartic protease (Asp 2) as beta-secretase. Mol. Cell
Neurosci. 14, 419-427.

Ibanez, C.F., 1998. Emerging themes in structural biology of neurotrophic
factors. Trends Neurosci. 21, 438—444.

Insall, R.H., Weiner, O.D., 2001. PIP3, PIP2, and cell movement—similar
messages, different meanings? Dev. Cell 1, 743-747.

Jaffe, A.B., Toran-Allerand, C.D., Greengard, P., Gandy, S.E., 1994. Estro-
gen regulates metabolism of Alzheimer amyloid beta precursor protein.
J. Biol. Chem. 269, 13065-13068.

Jiang, J.C., Kirchman, P.A., Zagulski, M., Hunt, J., Jazwinski, S.M., 1998.
Homologs of the yeast longevity gene LAG1 in Caenorhabditis elegans
and human. Genome Res. 8, 1259-1272.

Johnson, H., Hokfelt, T., Ulthake, B., 1999. Expression of p75(NTR), trkB
and trkC in nonmanipulated and axotomized motoneurons of aged rats.
Brain Res. Mol. Brain Res. 69, 21-34.

Jones, J.I., Clemmons, D.R., 1995. Insulin-like growth factors and their
binding proteins: biological actions. Endocr. Rev. 16, 3-34.

Jover, T., Tanaka, H., Calderone, A., Oguro, K., Bennett, M.V, Etgen, A.M.,
Zukin, R.S., 2002. Estrogen protects against global ischemia-induced
neuronal death and prevents activation of apoptotic signaling cascades
in the hippocampal CAL1. J. Neurosci. 22, 2115-2124.

Jung, K.M., Tan, S., Landman, N., Petrova, K., Murray, S., Lewis, R., Kim,
PK., Kim, D.S., Ryu, S.H., Chao, M.V., Kim, T.W., 2003. Regulated
intramembrane proteolysis of the p75 neurotrophin receptor modulates
its association with the TrkA receptor. J. Biol. Chem. 278,42161-42169.

Kalb, R., 2005. The protean actions of neurotrophins and their receptors on
the life and death of neurons. Trends Neurosci. 28, 5-11.

Kanning, K.C., Hudson, M., Amieux, P.S., Wiley, J.C., Bothwell, M.,
Schecterson, L.C., 2003. Proteolytic processing of the p75 neurotrophin
receptor and two homologs generates C-terminal fragments with signal-
ing capability. J. Neurosci. 23, 5425-5436.

Kenyon, C., 2005. The plasticity of aging: insights from long-lived mutants.
Cell 120, 449-460.

Kenyon, C., Chang, J., Gensch, E., Rudner, A., Tabtiang, R., 1993. A C.
elegans mutant that lives twice as long as wild type. Nature 366,461-464.

Kimura, K.D., Tissenbaum, H.A., Liu, Y., Ruvkun, G., 1997. daf-2, an insulin
receptor-like gene that regulates longevity and diapause in Caenorhab-
ditis elegans. Science 277, 942-946.

Klass, M.R., 1983. A method for the isolation of longevity mutants in the
nematode Caenorhabditis elegans and initial results. Mech. Ageing Dev.
22,279-286.

Kumagai, K., Yasuda, S., Okemoto, K., Nishijima, M., Kobayashi, S.,
Hanada, K., 2005. CERT mediates intermembrane transfer of various
molecular species of ceramides. J. Biol. Chem. 280, 6488-6495.

Lanlua, P, Decorti, F., Gangula, PR., Chung, K., Taglialatela, G., Yal-
lampalli, C., 2001. Female steroid hormones modulate receptors for



L. Puglielli / Neurobiology of Aging 29 (2008) 795-811 809

nerve growth factor in rat dorsal root ganglia. Biol. Reprod. 64, 331—
338.

Lazarov, V.K., Fraering, P.C., Ye, W., Wolfe, M.S., Selkoe, D.J., Li, H.,
2006. Electron microscopic structure of purified, active gamma-secretase
reveals an aqueous intramembrane chamber and two pores. Proc. Natl.
Acad. Sci. U.S.A. 103, 6889-6894.

Lee, R., Kermani, P., Teng, K.K., Hempstead, B.L., 2001a. Regulation of
cell survival by secreted proneurotrophins. Science 294, 1945-1948.
Lee, VM., Goedert, M., Trojanowski, J.Q., 2001b. Neurodegenerative

tauopathies. Annu. Rev. Neurosci. 24, 1121-1159.

Lesort, M., Johnson, G.V., 2000. Insulin-like growth factor-1 and insulin
mediate transient site-selective increases in tau phosphorylation in pri-
mary cortical neurons. Neuroscience 99, 305-316.

Li, J., Yen, C., Liaw, D., Podsypanina, K., Bose, S., Wang, S.I., Puc, J.,
Miliaresis, C., Rodgers, L., McCombie, R., Bigner, S.H., Giovanella,
B.C., Ittmann, M., Tycko, B., Hibshoosh, H., Wigler, M.H., Parsons, R.,
1997. PTEN, a putative protein tyrosine phosphatase gene mutated in
human brain, breast, and prostate cancer. Science 275, 1943-1947.

Li, X., Alafuzoff, 1., Soininen, H., Winblad, B., Pei, J.J., 2005. Levels of
mTOR and its downstream targets 4E-BP1, eEF2, and eEF2 kinase
in relationships with tau in Alzheimer’s disease brain. FEBS J. 272,
4211-4220.

Lightle, S.A., Oakley, J.I., Nikolova-Karakashian, M.N., 2000. Activation
of sphingolipid turnover and chronic generation of ceramide and sphin-
gosine in liver during aging. Mech. Ageing Dev. 120, 111-125.

Lin, K., Dorman, J.B., Rodan, A., Kenyon, C., 1997. daf-16: An HNF-
3/forkhead family member that can function to double the life-span of
Caenorhabditis elegans. Science 278, 1319-1322.

Longo, V.D., Finch, C.E., 2003. Evolutionary medicine: from dwarf model
systems to healthy centenarians? Science 299, 1342-1346.

Lu, T., Pan, Y., Kao, S.Y,, Li, C., Kohane, 1., Chan, J., Yankner, B.A., 2004.
Gene regulation and DNA damage in the ageing human brain. Nature
429, 883-891.

Lupu, E,, Terwillinger,J.D., Lee, K., Segre, G. V., Efstratiadis, A.,2001. Roles
of growth hormone and insulin-like growth factor 1 in mouse postanatal
growth. Dev. Biol. 229, 141-162.

Maehama, T., Dixon, J.E., 1999. PTEN: a tumour suppressor that functions
as a phospholipid phosphatase. Trends Cell Biol. 9, 125-128.

Maier, B., Gluba, W., Bernier, B., Turner, T., Mohammad, K., Guise, T.,
Sutherland, A., Thorner, M., Scrable, H., 2004. Modulation of mam-
malian life span by the short isoform of p53. Genes Dev. 18, 306—
319.

Manly, J.J., Merchant, C.A., Jacobs, D.M., Small, S.A., Bell, K., Ferin, M.,
Mayeux, R., 2000. Endogenous estrogen levels and Alzheimer’s disease
among postmenopausal women. Neurology 54, 833-837.

Marchesini, N., Luberto, C., Hannun, Y.A., 2003. Biochemical properties
of mammalian neutral sphingomyelinase 2 and its role in sphingolipid
metabolism. J. Biol. Chem. 278, 13775-13783.

Medrano, S., Scrable, H., 2005. Maintaining appearances—the role of p53
in adult neurogenesis. Biochem. Biophys. Res. Commun. 331, 828—833.

Mi, S., Lee, X., Shao, Z., Thill, G., Ji, B., Relton, J., Levesque, M., Allaire,
N., Perrin, S., Sands, B., Crowell, T., Cate, R.L., McCoy, J.M., Pepin-
sky, R.B., 2004. LINGO-1 is a component of the Nogo-66 receptor/p75
signaling complex. Nat. Neurosci. 7, 221-228.

Miller, C.J., Stein, G.H., 2001. Human diploid fibroblasts that undergo a
senescent-like differentiation have elevated ceramide and diacylglycerol.
J. Gerontol. A: Biol. Sci. Med. Sci. 56, B8-B19.

Morris, J.C., 1999. Is Alzheimer’s disease inevitable with age? Lessons from
clinicopathologic studies of healthy aging and very mild Alzheimer’s
disease. J. Clin. Invest. 104, 1171-1173.

Motola, D.L., Cummins, C.L., Rottiers, V., Sharma, K.K., Li, T., Li, Y.,
Suino-Powell, K., Xu, H.E., Auchus, R.J., Antebi, A., Mangelsdorf, D.J.,
2006. Identification of ligands for DAF-12 that govern dauer formation
and reproduction in C. elegans. Cell 124, 1209-1223.

Mouton, R.E., Venable, M.E., 2000. Ceramide induces expression of the
senescence histochemical marker, beta-galactosidase, in human fibrob-
lasts. Mech. Ageing Dev. 113, 169-181.

Mufson, E.J., Counts, S.E., Ginsberg, S.D., 2002. Gene expression profiles of
cholinergic nucleus basalis neurons in Alzheimer’s disease. Neurochem.
Res. 27, 1035-1048.

Mufson, E.J., Ginsberg, S.D., Ikonomovic, M.D., DeKosky, S.T., 2003.
Human cholinergic basal forebrain: chemoanatomy and neurologic dys-
function. J. Chem. Neuroanat. 26, 233-242.

Mufson, E.J., Kordower, J.H., 1992. Cortical neurons express nerve growth
factor receptors in advanced age and Alzheimer disease. Proc. Natl.
Acad. Sci. U.S.A. 89, 569-573.

Munro, S., 2003. Cell biology: earthworms and lipid couriers. Nature 426,
775-776.

Myers, M.P,, Pass, 1., Batty, I.H., Van der Kaay, J., Stolarov, J.P., Hemmings,
B.A., Wigler, M.H., Downes, C.P., Tonks, N.K., 1998. The lipid phos-
phatase activity of PTEN is critical for its tumor suppressor function.
Proc. Natl. Acad. Sci. U.S.A. 95, 13513-13518.

Nilsson-Hakansson, L., Civalero, 1., Zhang, X., Carlsson-Skwirut, C., Sara,
V.R., Nordberg, A., 1993. Effects of IGF-1, truncated IGF-1 and the
tripeptide Gly-Pro-Glu on acetylcholine release from parietal cortex of
rat brain. Neuroreport 4, 1111-1114.

Nykjaer, A., Lee, R., Teng, K.K., Jansen, P, Madsen, P., Nielsen, M.S.,
Jacobsen, C., Kliemannel, M., Schwarz, E., Willnow, T.E., Hempstead,
B.L., Petersen, C.M., 2004. Sortilin is essential for proNGF-induced
neuronal cell death. Nature 427, 843-848.

Nykjaer, A., Willnow, T.E., Peterson, C.M., 2005. p75NTR—live or let die.
Curr. Opin. Neurobiol. 15, 49-57.

Ogg, S., Paradis, S., Gottlieb, S., Patterson, G.I., Lee, L., Tissenbaum, H.A.,
Ruvkun, G., 1997. The Fork head transcription factor DAF-16 transduces
insulin-like metabolic and longevity signals in C. elegans. Nature 389,
994-999.

Ogura, T., Mio, K., Hayashi, I., Miyashita, H., Fukuda, R., Kopan, R.,
Kodama, T., Hamakubo, T., Iwastubo, T., Tomita, T., Sato, C., 2006.
Three-dimensional structure of the gamma-secretase complex. Biochem.
Biophys. Res. Commun. 343, 525-534.

Peng, S., Wuu, J., Mufson, E.J., Fahnestock, M., 2004. Increased proNGF
levels in subjects with mild cognitive impairment and mild Alzheimer
disease. J. Neuropathol. Exp. Neurol. 63, 641-649.

Petanceska, S.S., Nagy, V., Frail, D., Gandy, S., 2000. Ovariectomy and
17beta-estradiol modulate the levels of Alzheimer’s amyloid beta pep-
tides in brain. Neurology 54, 2212-2217.

Ping, S.E., Greferath, U., Barrett, G.L., 2002. Estrogen treatment suppresses
forebrain p75 neurotrophin receptor expression in aged, noncycling
female rats. J. Neurosci. Res. 69, 51-60.

Plo, 1., Bono, F., Bezombes, C., Alam, A., Bruno, A., Laurent, G., 2004.
Nerve growth factor-induced protein kinase C stimulation contributes
to TrkA-dependent inhibition of p75 neurotrophin receptor sphingolipid
signaling. J. Neurosci. Res. 77, 465-474.

Puglielli, L., Ellis, B.C., Saunders, A.J., Kovacs, D.M., 2003a. Ceramide
stabilizes beta-site amyloid precursor protein-cleaving enzyme 1
and promotes amyloid beta-peptide biogenesis. J. Biol. Chem. 278,
19777-19783.

Puglielli, L., Tanzi, R.E., Kovacs, D.M., 2003b. Alzheimer’s disease: the
cholesterol connection. Nat. Neurosci. 6, 345-351.

Reinhardt, R.R., Bondy, C.A., 1994. Insulin-like growth factors cross the
blood-brain barrier. Endocrinology 135, 1753-1761.

Rohrschneider, L.R., Fuller, J.F., Wolf, 1., Liu, Y., Lucas, D.M., 2000. Struc-
ture, function, and biology of SHIP proteins. Genes Deyv. 14, 505-520.

Rottiers, V., Motola, D.L., Gerisch, B., Cummins, C.L., Nishiwaki, K.,
Mangelsdorf, D.J., Antebi, A., 2006. Hormonal control of C. elegans
dauer formation and life span by a Rieske-like oxygenase. Dev. Cell 10,
473-482.

Sandhoff, K., van Echten, G., 1994. Metabolism of gangliosides: topology,
pathobiochemistry, and sphingolipid activator proteins. In: Hoekstra, D.
(Ed.), Current topics in cell membranes. Cell lipids, vol. 40. Academic
Press, San Diego, pp. 75-91.

SantaCruz, K., Lewis, J., Spires, T., Paulson, J., Kotilinek, L., Ingelsson, M.,
Guimaraes, A., DeTure, M., Ramsden, M., McGowan, E., Forster, C.,
Yue, M., Orne, J., Janus, C., Mariash, A., Kuskowski, M., Hyman, B.,



810 L. Puglielli / Neurobiology of Aging 29 (2008) 795-811

Hutton, M., Ashe, K.H., 2005. Tau suppression in a neurodegenerative
mouse model improves memory function. Science 309, 476-481.

Sara, V.R., Carlsson-Skwirut, C., Bergman, T., Jornvall, H., Roberts, P.J.,
Crawford, M., Hakansson, L.N., Civalero, I., Nordberg, A., 1989.
Identification of Gly-Pro-Glu (GPE), the aminoterminal tripeptide of
insulin-like growth factor 1 which is truncated in brain, as a novel
neuroactive peptide. Biochem. Biophys. Res. Commun. 165, 766—
771.

Schorling, S., Vallee, B., Barz, W.P.,, Riezman, H., Oesterhelt, D., 2001.
Laglp and Laclp are essential for the Acyl-CoA-dependent ceramide
synthase reaction in Saccharomyces cerevisae. Mol. Biol. Cell 12,
3417-3427.

Schubert, M., Brazil, D.P., Burks, D.J., Kushner, J.A., Ye, J., Flint, C.L.,
Farhang-Fallah, J., Dikkes, P., Warot, X.M., Rio, C., Corfas, G., White,
M.E,, 2003. Insulin receptor substrate-2 deficiency impairs brain growth
and promotes tau phosphorylation. J. Neurosci. 23, 7084-7092.

Scrable, H., Sasaki, T., Maier, B., 2005. DeltaNp53 or p44: priming the p53
pump. Int. J. Biochem. Cell Biol. 37, 913-919.

Selkoe, D.J., 1999. Translating cell biology into therapeutic advances in
Alzheimer’s disease. Nature 399, A23-A31.

Selkoe, D.J., 2004. Cell biology of protein misfolding: the examples of
Alzheimer’s and Parkinson’s diseases. Nat. Cell Biol. 6, 1054-1061.
Shay, J.W., Wright, W.E., 2000. Hayflick, his limit, and cellular ageing. Nat.

Rev. Mol. Cell. Biol. 1, 72-76.

Sinha, S., Anderson, J.P., Barbour, R., Basi, G.S., Caccavello, R., Davis, D.,
Doan, M., Dovey, H.F,, Frigon, N., Hong, J., Jacobson-Croak, K., Jewett,
N., Keim, P, Knops, J., Lieberburg, I., Power, M., Tan, H., Tatsuno, G.,
Tung, J., Schenk, D., Seubert, P., Suomensaari, S.M., Wang, S., Walker,
D., Zhao, J., McConlogue, L., John, V., 1999. Purification and cloning
of amyloid precursor protein beta-secretase from human brain. Nature
402, 537-540.

Smith, J.R., Pereira-Smith, O.M., 1996. Replicative senescence: implica-
tions for in vivo aging and tumor suppression. Science 273, 63-67.
Sohal, R.S., Weindruch, R., 1996. Oxidative stress, caloric restriction, and

aging. Science 273, 59-63.

Stambolic, V., Suzuki, A., de la Pompa, J.L., Brothers, G.M., Mirtsos, C.,
Sasaki, T., Ruland, J., Penninger, J.M., Siderovski, D.P., Mak, T.W.,
1998. Negative regulation of PKB/Akt-dependent cell survival by the
tumor suppressor PTEN. Cell 95, 29-39.

Stenvers, K.L., Lund, PK., Gallagher, M., 1996. Increased expression of
type 1 insulin-like growth factor receptor messenger RNA in rat hip-
pocampal formation is associated with aging and behavioral impairment.
Neuroscience 72, 505-518.

Sun, L.Y., Al-Regaiey, K., Masternak, M.M., Wang, J., Bartke, A., 2005.
Local expression of GH and IGF-1 in the hippocampus of GH-deficient
long-lived mice. Neurobiol. Aging 26, 929-937.

Sytze van Dam, P., Aleman, A., 2004. Insulin-like growth factor-I, cognition
and brain aging. Eur. J. Pharmacol. 490, 87-95.

Tamura, M., Gu, J., Matsumoto, K., Aota, S., Parsons, R., Yamada, K.M.,
1998. Inhibition of cell migration, spreading, and focal adhesions by
tumor suppressor PTEN. Science 280, 1614-1617.

Tarr, PE., Contursi, C., Roncarati, R., Noviello, C., Ghersi, E., Scheinfeld,
M.H., Zambrano, N., Russo, T., D’ Adamio, L., 2002. Evidence for arole
of the nerve growth factor receptor TrkA in tyrosine phosphorylation
and processing of beta-APP. Biochem. Biophys. Res. Commun. 295,
324-329.

Tatar, M., Kopelman, A., Epstein, D., Tu, M.P., Yin, C.M., Garofalo, R.S.,
2001. A mutant Drosophila insulin receptor homolog that extends life-
span and impairs neuroendocrine function. Science 292, 107-110.

Thal, D.R., Del Tredici, K., Braak, H., 2004. Neurodegeneration in normal
brain aging and disease. Sci. Aging Knowledge Environ. 2004, pe26.

Tissenbaum, H.A., Guarente, L., 2002. Model organisms as a guide to mam-
malian aging. Dev. Cell 2, 9-19.

Tschape, J.A., Hammerschmied, C., Muhlig-Versen, M., Athenstaedt, K.,
Daum, G., Kretzschmar, D., 2002. The neurodegeneration mutant lochrig
interferes with cholesterol homeostasis and Appl processing. EMBO J.
21, 6367-6376.

Tyner, S.D., Venkatachalam, S., Choi, J., Jones, S., Ghebranious, N., Igel-
mann, H., Lu, X., Soron, G., Cooper, B., Brayton, C., Hee Park, S.,
Thompson, T., Karsenty, G., Bradley, A., Donehower, L.A., 2002. p53
mutant mice that display early ageing-associated phenotypes. Nature
415, 45-53.

Ullrich, A., Gray, A., Tam, A.W., Yang-Feng, T., Tsubokawa, M., Collins,
C., Henzel, W., Le Bon, T., Kathuria, S., Chen, E., Jacobs, S., Franckel,
U., Ramachandran, J., Fujita- Yamaguchi, Y., 1986. Insulin-like growth
factor I receptor primary structure: comparison with insulin receptor
suggests structural determinants that define functional specificity. EMBO
J. 5,2503-2512.

Vanhaesebroeck, B., Leevers, S.J., Ahmadi, K., Timms, J., Katso, R.,
Driscoll, P.C., Woscholski, R., Parker, P.J., Waterfield, M.D., 2001.
Synthesis and function of 3-phosphorylated inositol lipids. Annu. Rev.
Biochem. 70, 535-602.

Varela, I., Cadinanos, J., Pendas, A.M., Gutierrez-Fernandez, A., Folgueras,
AR., Sanchez, L.M., Zhou, Z., Rodriguez, F.J., Stewart, C.L., Vega,
J.A., Tryggvason, K., Freije, J.M., Lopez-Otin, C., 2005. Accelerated
ageing in mice deficient in Zmpste24 protease is linked to p53 signalling
activation. Nature 437, 564-568.

Vassar, R., Bennett, B.D., Babu-Khan, S., Kahn, S., Mendiaz, E.A., Denis,
P, Teplow, D.B., Ross, S., Amarante, P., Loeloff, R., Luo, Y., Fisher, S.,
Fuller, J., Edenson, S., Lile, J., Jarosinski, M.A., Biere, A.L., Curran,
E., Burgess, T., Louis, J.C., Collins, F., Treanor, J., Rogers, G., Citron,
M., 1999. Beta-secretase cleavage of Alzheimer’s amyloid precursor
protein by the transmembrane aspartic protease BACE. Science 286,
735-741.

Venable, M.E., Lee, J.Y.,, Smyth, M.J., Bielawska, A., Obeid, L.M.,
1995. Role of ceramide in cellular senescence. J. Biol. Chem. 270,
30701-30708.

Venable, M.E., Obeid, L.M., 1999. Phospholipase D in cellular senescence.
Biochim. Biophys. Acta 1439, 291-298.

Venkataraman, K., Futerman, A.H., 2000. Ceramide as a second messenger:
sticky solutions to sticky problems. Trends Cell Biol. 10, 408—412.
Walsh, D.M., Selkoe, D.J.,2004. Deciphering the molecular basis of memory

failure in Alzheimer’s disease. Neuron 44, 181-193.

Watson, G.S., Peskind, E.R., Asthana, S., Purganan, K., Wait, C., Chapman,
D., Schwartz, M.W., Plymate, S., Craft, S., 2003. Insulin increases CSF
Abeta4?2 levels in normal older adults. Neurology 60, 1899-1903.

Weindruch, R., Sohal, R.S., 1997. Seminars in medicine of the Beth Israel
Deaconess Medical Center. Caloric intake and aging. N. Engl. J. Med.
337, 986-994.

Werther, G.A., Abate, M., Hogg, A., Cheesman, H., Oldfield, B., Hards, D.,
Hudson, P., Power, B., Freed, K., Herington, A.C., 1990. Localization of
insulin-like growth factor-I mRNA in rat brain by in situ hybridization-
relationship to IGF-I receptors. Mol. Endocrinol. 4, 773-778.

Werther, G.A., Hogg, A., Oldfield, B.J., McKinley, M.J., Figdor, R.,
Allen, A.M., Mendelsohn, F.A., 1987. Localization and characteriza-
tion of insulin receptors in rat brain and pituitary gland using in vitro
autoradiography and computerized densitometry. Endocrinology 121,
1562-1570.

Weskamp, G., Schlondorff, J., Lum, L., Becherer, J.D., Kim, T.W., Saftig,
P., Hartmann, D., Murphy, G., Blobel, C.P., 2004. Evidence for a critical
role of the tumor necrosis factor alpha convertase (TACE) in ectodomain
shedding of the p75 neurotrophin receptor (p7SNTR). J. Biol. Chem. 279,
4241-4249.

Xu, H., Gouras, G.K., Greenfield, J.P., Vincent, B., Naslund, J., Mazzarelli,
L., Fried, G., Jovanovic, J.N., Seeger, M., Relkin, N.R., Liao, F., Checler,
F., Buxbaum, J.D., Chait, B.T., Thinakaran, G., Sisodia, S.S., Wang, R.,
Greengard, P., Gandy, S., 1998. Estrogen reduces neuronal generation
of Alzheimer beta-amyloid peptides. Nat. Med. 4, 447-451.

Yamamoto, H., Murphy, L.J., 1994. Generation of des-(1-3) insulin-like
growth factor-I in serum by an acid protease. Endocrinology 135,
2432-2439.

Yamamoto, H., Murphy, L.J., 1995a. Enzymatic conversion of IGF-I to
des(1-3)IGF-I in rat serum and tissues: a further potential site of growth
hormone regulation of IGF-I action. J. Endocrinol. 146, 141-148.



L. Puglielli / Neurobiology of Aging 29 (2008) 795-811 811

Yamamoto, H., Murphy, L.J., 1995b. N-Terminal truncated insulin-like
growth factor-I in human urine. J. Clin. Endocrinol. Metab. 80,
1179-1183.

Yan, R., Bienkowski, M.J., Shuck, M.E., Miao, H., Tory, M.C., Pauley, A.M.,
Brashier, J.R., Stratman, N.C., Mathews, W.R., Buhl, A.E., Carter, D.B.,
Tomasselli, A.G., Parodi, L.A., Heinrikson, R.L., Gurney, M.E., 1999.
Membrane-anchored aspartyl protease with Alzheimer’s disease beta-
secretase activity. Nature 402, 533-537.

Yang, J., Yu, Y., Sun, S., Duerksen-Hughes, P.J., 2004. Ceramide and
other sphingolipids in cellular responses. Cell Biochem. Biophys. 40,
323-350.

Yu, G., Nishimura, M., Arawaka, S., Levitan, D., Zhang, L., Tandon, A.,
Song, Y.Q.,Rogaeva, E., Chen, F., Kawarai, T., Supala, A., Levesque, L.,
Yu, H,, Yang, D.S., Holmes, E., Milman, P, Liang, Y., Zhang, D.M., Xu,
D.H,, Sato, C.,Rogaev, E., Smith, M., Janus, C., Zhang, Y., Aebersold, R.,
Farrer, L.S., Sorbi, S., Bruni, A., Fraser, P., St. George-Hyslop, P., 2000.
Nicastrin modulates presenilin-mediated notch/glp-1 signal transduction
and betaAPP processing. Nature 407, 48-54.

Zampieri, N., Chao, M. V., 2004. Structural biology. The p75 NGF receptor
exposed. Science 304, 833-834.

Zhang, X., Loijens, J.C., Boronenkov, L.V., Parker, G.J., Norris, FA.,
Chen, J., Thum, O., Prestwich, G.D., Majerus, P.W., Anderson, R.A.,
1997. Phosphatidylinositol-4-phosphate 5-kinase isozymes catalyze
the synthesis of 3-phosphate-containing phosphatidylinositol signaling
molecules. J. Biol. Chem. 272, 17756-17761.

Zheng, H., Xu, H., Uljon, S.N., Gross, R., Hardy, K., Gaynor, J., Lafran-
cois, J., Simpkins, J., Refolo, L.M., Petanceska, S., Wang, R., Duff, K.,
2002. Modulation of A(beta) peptides by estrogen in mouse models. J.
Neurochem. 80, 191-196.

Zhou, S., Zhou, H., Walian, PJ., Jap, B.K., 2005. CD147 is a regula-
tory subunit of the gamma-secretase complex in Alzheimer’s disease
amyloid beta-peptide production. Proc. Natl. Acad. Sci. U.S.A. 102,
7499-7504.

Zumbansen, M., Stoffel, W., 2002. Neutral sphingomyelinase 1 deficiency
in the mouse causes no lipid storage disease. Mol. Cell Biol. 22,
3633-3638.



	Aging of the brain, neurotrophin signaling, and Alzheimers disease: Is IGF1-R the common culprit?
	Introduction
	AD pathology
	Insulin/IGF1 receptors: a signaling pathway for the general program of aging
	IGF1-R, neurotrophin signaling, and AD: a tale of receptors and second messengers
	p75NTR and ceramide: an unexpected link
	IGF1-R and PIP3: the common culprit

	PIP3 and ceramide: two different lipids with the ability to act as second messengers
	Ceramide
	PIP3

	Conclusion
	Conflict of interest
	Acknowledgements
	References


