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Forword

The importance of insulin in the regulation of corporal aging has been established by

the dramatic increases in longevity experienced by animals in which the adipose

insulin receptor or the insulin-related daf genes have been genetically modified.

However, a long-held belief, described as recently as ten years ago in endocrinology

textbooks, declared that the brain was an insulin-insensitive organ. This pervasive

belief was challenged by leaders like Jesse Roth, Daniel Porte, and others, who

established the existence of insulin receptors in the central nervous system and a

clear role for insulin in CNS control of feeding. New research demonstrates that,

analogous to its influence on corporal aging, insulin also makes important contribu-

tions to brain aging and the expression of late-life neurodegenerative disease. Insulin

plays a key role in cognition and other aspects of normal brain function. Insulin

resistance induces chronic peripheral insulin elevations and is associated with

reduced insulin activity both in periphery and brain. The insulin resistance syndrome

underlies conditions such as Type 2 diabetes mellitus and hypertension, which are

associated with age-related cognitive impairment and Alzheimer’s disease.

This volume contains the proceedings of the 24th Colloque Médecine et
Recherche dedicated to Alzheimer’s disease organized by the Fondation IPSEN
entitled “Diabetes, Insulin and Alzheimer’s Disease” which brought together

experts from basic and clinical science to provide a broad survey of the role of

insulin in the brain, and to discuss the mechanisms through which insulin dysregu-

lation contributes to the development of cognitive impairment and late-life neuro-

degenerative disease. Each author has greatly furthered our understanding of the

relationships among insulin, diabetes, and Alzheimer’s disease, moving us far

beyond the belief that the brain is an insulin-insensitive organ. Given the recent

pandemic of conditions associated with insulin resistance, it is imperative that we

achieve a comprehensive knowledge of the mechanisms through which insulin

resistance affects brain function in order to develop therapeutic strategies to address

these effects.

Suzanne Craft

Yves Christen
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Insulin Action in the Brain and the Pathogenesis

of Alzheimer’s Disease

C. Ronald Kahn and Ryo Suzuki

Abstract Over 24 million people in the U.S. have diabetes mellitus, and about 90%

of these have the type 2 form of the disease. In addition, an estimated 40–60 million

people have pre-type 2 diabetes, impaired glucose tolerance or the cluster of

abnormalities referred to variably as the metabolic syndrome or syndrome X (Reaven

1988). In all of these disorders, a central component of the pathophysiology is

insulin resistance. Insulin resistance is also closely linked to other common health

problems, including obesity, polycystic ovarian disease, hyperlipidemia, hyperten-

sion and atherosclerosis (Biddinger and Kahn 2006). Recent data also indicate

a link between insulin resistance, type 2 diabetes and Alzheimer’s disease

(Craft 2007). Cross-sectional studies have suggested an association between type

2 diabetes and cognitive decline, especially in aspects of verbal memory (Strachan

et al. 1997). Longitudinal studies have revealed that patients with type 2 diabetes

have a 1.5-fold greater change over time in measures of cognitive function than

those without diabetes (Cukierman et al. 2005). While some of this change may

certainly be due to the increased prevalence of atherosclerosis in diabetic patients,

there is increasing evidence that insulin resistance itself may affect CNS function

and risk of Alzheimer’s disease. In this review we will explore this relationship,

focusing on experiments we have performed in mice.

1 The Insulin Signaling System

The insulin/IGF-1 signaling system is evolutionarily very ancient. Homologues of

these receptors have been identified in Drosophila, C. elegans, Porifera and many

other species (Petruzzelli et al. 1986; Skorokhod et al. 1999; Dorman et al. 1995;

C.R. Kahn (*)

Joslin Diabetes Center and Harvard Medical School, One Joslin Place, Boston, MA 02215, USA
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Renteria et al. 2008).The insulin receptor (IR) was initially identified using 125I-

insulin binding (Freychet et al. 1972). Biosynthetic and affinity labeling revealed

the IR to be glycoproteins, consisting of two 135 kDa a-subunits and two �95 kDa

b-subunits linked by disulfide bonds to form an a2b2 heterotetramer (Massague

et al. 1980; Kasuga et al. 1982a). On pulse-chase labeling, both subunits were

derived from a single chain precursor or proreceptor (Hedo et al. 1983). In 1982, we

demonstrated that the IR possessed tyrosine kinase activity, placing it biochemi-

cally in the family of receptor tyrosine kinases and opening up new avenues in the

study of insulin signaling (White et al. 1987; Kasuga et al. 1982b). In 1985, two

groups succeeded in cloning the cDNA of the human IR, confirming these structural

features (Ullrich et al. 1985; Ebina et al. 1985).

The IR gene is present on chromosome 19p13.3 in humans and chromosome 8 in

the mouse. In both, the gene is >120 kb in length and is composed of 22 exons,

which to some extent encode functional domains of the receptor (Fig. 1). The IR

cDNA in both humans and rodents possesses an open reading frame of 4,146

nucleotides that encodes the 1,382-amino acid precursor of the receptor (Ullrich

et al. 1985; Ebina et al. 1985), including a 27-amino acid signal peptide, a 721-

amino acid a-subunit, a four-amino acid processing site, and a b-subunit of 619
amino acids. During the biosynthesis of the proreceptor, both subunits undergo

glycosylation, disulfide bond formation and proteolytic cleavage by a furin-related

protease to give the mature receptor (Hedo et al. 1983).

Functionally, the IR behaves as a classic allosteric enzyme. The a-subunit of the
IR serves as both the insulin binding subunit and the regulatory subunit. Insulin

binding to the a-subunit induces conformational changes in the receptor and

activates the kinase activity in the b-subunit. The b-subunit is a transmembrane

protein linked by disulfide bonds to the a-subunit and contains the tyrosine kinase

activity critical for insulin action (Kasuga et al. 1982b). Following stimulation, the

b-subunit undergoes autophosphorylation on seven Tyr residues in an ordered

cascade; three of these at Tyr 1158, 1162, 1163 result in activation of the receptor

kinase toward other substrates (Feener et al. 1993; Hubbard 1997). The IR occurs as

two splice variants based on inclusion (IR-B) or exclusion (IR-A) of a 12-residue

segment encoded by exon 11 and inserted between residues 716 and 717 (IR-A

numbering) near the C-terminus of the a-subunit. In the brain, the major isoform of

the insulin receptor is the A isoform (Kenner et al. 1995). The molecular weights of

the denatured a- and b-subunits from brain insulin receptors are 5-10 kDa smaller

than their counterparts in other tissues, which appears to be due to differences in

N-linked glycosylation (Heidenreich et al. 1983). Whether they are differences in

IR isoform splicing or glycosylation in Alzheimer’s brain versus normal brain has

not been studied.

cDNA cloning and functional studies have revealed two other members of the IR

family: the highly homologous IGF-1 receptor (Ullrich et al. 1986; Abbott et al.

1992) and the IR-related receptor (IRR; Shier and Watt 1989; Zhang and Roth

1992). Insulin, IGF-1 and IGF-2 can bind to both the IR and IGF-1R, albeit with

differing affinities. No ligand has thus far been identified for the IRR, and thus its

physiological function is unknown. All three receptors are normally disulfide-linked

2 C.R. Kahn and R. Suzuki



homodimers but may also function as heterodimer hybrids, like IR/IGF-1R hybrids,

in tissues that express both receptors (Slaaby et al. 2006; Benyoucef et al. 2007).

IGF-1 receptors are abundant in brain and widely distributed therein and they

have a somewhat different distribution from IRs (Dore et al. 1997; Baron Van

Evercooren et al. 1991). IRR mRNA is also found in brain, but its distristribution is
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highly restricted to the forebrain, primarily cholinergic neurons and neurons that

coexpress trkA, a high-affinity receptor for nerve growth factor (Tsuji et al. 1996).

2 Linking the Receptor to the Insulin and IGF-1 Signaling

Pathways

Following ligand binding, the activated IRs and IGF-1 receptors initiate signaling

networks that share many similarities and critical nodes of signal divergence and

regulation (Taniguchi et al. 2006; Fig. 2). The primary action of these receptors is to

phosphorylate a family of at least 12 intracellular substrate proteins. The first four

of these identified were designated IRS-1 to IRS-4 (IR substrates 1-4; Taniguchi

et al. 2006; White 1998). These IRS proteins are 60 to 180 kDa and are character-

ized by a pleckstrin homology (PH) domain, a phosphotyrosine binding (PTB)

domain, which account for their high affinity for the IR, and up to 20 potential

tyrosine phosphorylation sites spread throughout the molecule. All four IRS pro-

teins have been identified in brain, although the major forms appear to be IRS-1 and
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IRS-2, similar to most insulin-sensitive tissues. Other direct substrates of the

insulin/IGF-1 receptor kinases include the various isoforms of Shc, DOK-4 and

DOK-5 (also referred to as IRS-5 and IRS-6), Gab-1, p62dok, Cbl, FAK, Sam68,

DAPP1, and CEACAM1 (Ribon et al. 1998; Poy et al. 2002; Najib and Sanchez-

Margalet 2002; Okamura-Oho et al. 2001; Wick et al. 2001; Cai et al. 2003).

Following phosphorylation, these substrates function as key intermediates in

signal transduction by interacting with other intracellular molecules. The best-

characterized of these are SH2 domain proteins that bind to phosphotyrosines in

specific sequence motifs on the IRS proteins. These SH2 proteins fall into two major

categories: adaptor molecules, such as the regulatory subunit of PI 3-kinase, Grb2,

which associates with SOS to activate the Ras-MAP kinase pathway (Baltensperger

et al. 1993; Valverde et al. 2001), CrkII (Karas et al. 2001) and Nck2 (Tu et al. 2001),

and enzymes, such as the phosphotyrosine phosphatase SHP2 (Rocchi et al. 1996)

and the tyrosine kinase Fyn (Sun et al. 1996). The IRS proteins also interact with

proteins that do not contain SH2 domains, including the calcium ATPases SERCA

1 and 2 (Algenstaedt et al. 1997), SV40 large T antigen (Prisco et al. 2002), Rho-

kinases (Begum et al. 2002), PH domain-interacting protein (PHIP; Farhang-Fallah

et al. 2000), IRAS (Sano et al. 2002) and others (Kruger et al. 2008; Hanke andMann

2009). Through extensive studies, each of these has been shown to play important

roles in the downstream actions of insulin and IGF-1, with the enzyme PI 3-kinase

forming the most important link in insulin signaling to its metabolic effects

(reviewed in Taniguchi et al. 2006).

In addition to these primary pathways of insulin/signal transduction, there are a

number of other pathways activated, including pathways involving Cbl, CAP and

the GTPase TC10 (Ribon et al. 1998; Chang et al. 2007), activation of GTPase of

the Rac and Rho family (Usui et al. 2003), and interactions with the adaptor protein

APS (Barres et al. 2006). Indeed, in collaboration with Mathias Mann using

phosphoproteomics, we have identified as many as 40 proteins involved in insu-

lin/IGF-1 action via tyrosine phosphorylation (Kruger et al. 2008).

3 Regulation of the IRS and IGF-1 Receptors in Physiology

and Pathophysiology

The insulin/IGF-1 signaling pathway is subject to regulation at multiple levels in

normal physiology and disease states. Over 100 patients with syndromes of severe

insulin resistance have been reported with mutations in the IR gene (Taylor et al.

1994; Rouard et al. 1999). In addition to mutation, there are a number of mechan-

isms that play a role in acquired alterations of IR signaling in disease. The most

common mechanism is down-regulation of the IR, which occurs to variable degrees

in all hyperinsulinemic states (Gavin et al. 1974; Haft et al. 1994). This down-

regulation occurs through internalization and subsequent degradation of the recep-

tor. It is not clear if the brain shows similar down-regulation of the IR in obesity and

Insulin Action in the Brain and the Pathogenesis of Alzheimer’s Disease 5



type 2 diabetes in humans; in rodents, studies on this point have provided

conflicting results (Figlewicz et al. 1986; Havrankova et al. 1979)

In addition to changes in receptor concentration, inhibition of receptor kinase

activity can occur in diabetes and obesity secondary to phosphorylation of the IR or

its substrates by serine kinases activated by increased levels of cytokines, such as

TNFa and IL-6 (Hotamisligil et al. 1993; Fernandez-Real et al. 2000; Takayama

et al. 1988). IR and IGF-1 receptor function may also be modified by protein-

protein interaction. Interacting proteins include the suppressors of cytokine signal-

ing (SOCS) proteins (Emanuelli et al. 2000; Ueki et al. 2004), the growth factor

receptor-bound proteins Grb10 and Grb14 (He et al. 1998; Kasus-Jacobi et al. 1998)

and PC-1, also termed ectonucleotide pyrophosphatase phosphodiesterase 1 (ENPP1;

Goldfine et al. 2008).

4 Creation and Characterization of the Brain IR

Knockout Mouse

IRs are present on virtually all tissues in mammals, including the classic insulin-

responsive tissues (muscle, fat and liver) and non-classical tissues, such as brain,

b-cells, endothelial cells, etc. A major initiative of the past 10 years was based on

the use of the Cre-lox system to create tissue-specific IR knockout (KO) mice and to

use these to define more precisely the role of insulin action in each tissue of the

body. Since IRs are widely distributed throughout the central nervous system (CNS;

Havrankova et al. 1978) and have been suggested to play a role in feeding behavior

(Schwartz et al. 2000), we decided to study the physiological role of insulin in the

brain. We created mice with a neuron-specific disruption of the IR gene (NIRKO

mice) using the nestin promoter (Bruning et al. 2000). Inactivation of the brain IR

had no impact on brain development but, as expected, resulted in a loss of insulin-

stimulated PIP3 in the hypothalamus, while response to leptin remained normal

(Fig. 3, top; Schubert et al. 2004). As a result of CNS insulin resistance, NIRKO

Basal

Wild

NIRKO

PIP3 staining
Insulin Leptin

Fig. 3 Loss of insulin signaling in brain-specific IR knockout (NIRKO) mice. The ability of the

brain to respond to peripherally administered insulin and leptin is demonstrated by an increase in

PIP3 staining in the paraventricular region. Stimulation by insulin is lost in the brain of the NIRKO

mouse, whereas stimulation by leptin remains active. Adapted from Shubert et al. (2004)
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mice showed increased food intake, and both male and female mice developed

diet-sensitive obesity, with increases in body fat and plasma leptin levels, mild

insulin resistance, elevated insulin levels, and hypertriglyceridemia (Fig. 3,

middle). In addition, loss of insulin action in the CNS had an effect on liver

metabolism. Thus, while peripheral insulin suppressed hepatic glucose production

by 74% in control mice, insulin action on hepatic glucose production (HGP) was

markedly blunted in NIRKOmice (Fig. 4, bottom; Fisher et al. 2005). This finding

is complementary to those of Rossetti and Accili that insulin action on the brain

can regulate hepatic glucose output (Obici et al. 2002; Okamoto et al. 2004).

In NIRKO mice, insulin-stimulated brain glucose uptake was reduced �46%,
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in the brain results in mild hyperphagia and obesity with increased leptin levels and increased
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defect in insulin’s ability to suppress hepatic glucose output (Panel b). Adapted from Bruning

et al. (2000)
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whereas glucose transport in muscle or fat was not altered. Finally, NIRKO mice

exhibited defects in counter-regulatory response to hypoglycemia, especially

increases in epinephrine and nor-epinephrine (Fisher et al. 2005), and impaired

testicular and ovarian function due to hypothalamic hypogonadism (Bruning et al.

2000). Thus, IR signaling in the CNS plays an important role in regulation of

appetite, energy disposal, hepatic metabolism, hypoglycemic counter-regulation

and reproduction.

To define the specific cells in the brain involved in control of metabolism, in

collaboration with Jens Bruning, we generated mice with selective inactivation

of the IR in pro-opiomelanocortin (POMC) or agouti-related peptide (AgRP)-

expressing neurons (Konner et al. 2007). While neither POMC- nor AgRP- IR

KO mice exhibited obesity or altered energy homeostasis, IR KO in AgRP neurons

resulted in a loss of insulin’s ability to normally suppress HGP. AgRP-IRKO mice

also exhibited reduced hepatic IL-6 expression and increased hepatic expression of

glucose-6-phosphatase. In addition, we created two mouse models with inducible

IR inactivation, one in the whole body including brain (IRDwb) and a second

restricted to peripheral tissues (IRDper) (Koch et al. 2008). While both strains

developed severe hyperinsulinemia, hyperglycemia was more pronounced in

IRDwb mice, consistent with the additional role of insulin action in brain control

of glucose metabolism also observed by Accili (Okamoto et al. 2004). Interestingly,

the IRDwb mice also had a more pronounced reduction in the white adipose tissue

(WAT) mass than IRDper, suggesting an additional role of central insulin action in

control of fat mass (Koch et al. 2008).

5 Impairment of insulin Signaling in Brain is Linked

to Neurodegenerative Disease

There is a growing body of evidence linking insulin resistance and insulin action in

the brain to neurodegenerative disease, especially Alzheimer’s disease (Craft

2007). Low concentrations of insulin and reduced receptor numbers and signaling

events in the CNS with Altzheimer’s disease have been reported (Frolich et al.

1998; Hoyer 2002). Insulin administration while maintaining euglycemia improves

memory in both healthy adults and Alzhermer’s disease patients (Craft et al. 1999).

In addition to Alzheimer’s disease, Parkinson’s disease is reported to accompany

insulin resistance with a high prevalence (Pressley et al. 2003). Likewise, some

studies have found that patients with Huntington’s disease have a higher prevalence

of diabetes and insulin resistance (Farrer 1985). Since insulin has neuroprotective

effects in vivo (Hui et al. 2005; Rizk et al. 2006; Collino et al. 2009), impaired

insulin action in the brain may have a critical role for pathogenesis of those

neurodegenerative diseases.

One specific potential molecular link between insulin and neurodegeneration is

the enzyme glycogen synthase kinase 3 (GSK3; Hooper et al. 2008). GSK3 activity
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is negatively modulated by insulin via an activation of Akt. GSK3 induces the

hyperphosphorylation of Tau in vitro, and its overexpression in the adult brain of

conditional transgenic mice causes Tau-hyperphosphorylation and neurodegenera-

tion (Lucas et al. 2001).

To directly determine whether the brain IR is an important regulator of GSK3

in vivo, we performed additional studies in NIRKO mice. These studies revealed a

markedly reduced phosphorylation of Akt and GSK3ß in the brains of NIRKO mice

leading to a parallel and substantial increase in Tau-phosphorylation (Fig 5, bottom

right); Schubert et al. 2004). In vitro neurons of NIRKO mice exhibit a complete

loss of insulin-mediated activation of PI 3-kinase and inhibition of neuronal

apoptosis. Thus, lack of insulin signaling in neurons can induce some markers of

neurodegeneration and increased susceptibility to cell death. Nevertheless, NIRKO

mice exhibit no alteration in neuronal survival or memory function measured

by water maze test (Schubert et al. 2004), suggesting that, for development of

Allzheimer’s disease, some other mechanisms might be crucial besides insulin

signal deficiency in the brain. Surprisingly, one model of Alzheimer’s disease, the

Tg2576 Swedish amyloid precursor protein mutant-overexpressing transgenic,

shows improvement in premature mortality or Aß deposition when the mice lack

IGF-1 receptor or IRS-2 in the hippocampus (Freude et al. 2009; Killick et al. 2009);

in this model, IR deficiency did not affect mortality (Freude et al. 2009). These data

suggest distinct roles for IRs and IGF-1 receptors in the hippocampus and in the

pathogenesis of Alzheimer’s disease.
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phosphorylation is a marker of abnormalities in Alzheimer’s disease. Adapted from Shubert

et al. (2004)
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6 Insulin-degrading Enzyme in Pathogenesis of Alzheimer’s

Disease and Metabolic Diseases

Another potential candidate that links insulin resistance/diabetes and Alzheimer’s

disease is insulin-degrading enzyme (IDE). More than 50 years ago, Mirsky and

Broh-Kahn described “insulinase,” a 110 kDa zinc metalloendopeptidase present in

liver exract (Mirsky and Broh-Kahn 1948). This enzyme, currently named IDE or

insulysin, is highly expressed in the brain, testis and muscle, as well as in the liver

(Kuo et al. 1993). IDE is predominantly cytosolic, with smaller amounts in peroxi-

somes, endoplasmic reticulum and plasma membranes (Miners et al. 2008). Inter-

estingly, up to 10% fraction of the total IDE is trafficked to the extracellular space,

despite its lack of a classical signal peptide, presumably via an unconventional

protein secretion pathway (Zhao et al. 2009). Several peptides with molecular

weights of 3-10 kDa have been shown to serve as the substrates of IDE, including

insulin, IGF-I, IGF-II, amylin, and Aß. The peptide substrates share little to no

homology of primary amino acid sequence but have a similar secondary structure

with “amyloidogenic” character (Qiu and Folstein 2006), as demonstrated by recent

crystallographic data (Shen et al. 2006).

Levels of IDE protein and transcripts are reduced in the hippocampi from

Alzheimer’s disease patients with an apolipoprotein E (apoE)-e4 allele compared

to either patients without this allele or normal subjects (Cook et al. 2003). A recent

report exhibited that Aß degradation extracellularly by IDE is facilitated by apoE

(Jiang et al. 2008). The IDE region of chromosome 10q has been shown to have

genetic linkage to late-onset Alzheimer’s disease (Bertram et al. 2000). A lot of

evidence indicates that the same region of chromosome 10q is also genetically

linked to type 2 diabetes (Saxena et al. 2007; Zeggini et al. 2007). In addition, a

well-characterized rat model of type 2 diabetes, Goto-Kakizaki (GK), has been

found to harbor two missense mutations in IDE gene that decrease its ability to

degrade both insulin and Aß (Fakhrai-Rad et al. 2000; Farris et al. 2004). Further-

more, genetic discuption of IDE gene in mice causes increased levels of cerebral

Aß and glucose intolerance with hyperinsulinemia (Farris et al. 2003).

Because of the strong Aß-degrading ability of IDE, defects in IDE activity in the

brain can be a direct trigger of Aß deposition to develop Alzheimer’s disease

(Fig. 6). Several reports suggest that insulin signaling regulates IDE expression.

Incubation with insulin increases IDE protein in primary hippocampal neurons,

whereas reduction of PI 3-kinase p85 subunit is correlated with a decrease of IDE in

human Alzheimer’s disease brains and in Tg2576 transgenic mice fed a high-fat

diet (Zhao et al. 2004). Insulin-deficient diabetes induced by streptozotocin (STZ)

administration also reduces IDE protein in the brain (Jolivalt et al. 2008). Thus,

secondary reduction of IDE caused by insufficient insulin action in the brain might

accelerate onset of Alzheimer’s disease.

In contrast, insulin-resistant/glucose-intolerant phenotypes of IDE-deficient

rodents and a genetic linkage of human IDE chromosomal region with type

2 diabetes susceptibility strongly suggest that IDE has a role in maintaining
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insulin sensitivity in the body. However, the mechanism remains unclear. IDE

knockout mice have about a 3-fold increase in fasting insulin levels in plasma

(Farris et al. 2003), possibly as a consequence of reduced insulin degradation, but

hyperinsulinemia itself does not always cause systemic insulin resistance or

impaired glucose tolerance (Hennige et al. 2003). Fakhrai-Rad proposed a hypoth-

esis that a decreased intracellular degradation of insulin bound to its receptor

would inhibit receptor-mediated signal transduction by lowering the number of

available receptors on the cell membrane and/or compromising the downstream

signaling from the receptor (Fakhrai-Rad et al. 2000). When either IDE or IR has

a defective activity a priori or posteriori, mutual regulation between IDE and

insulin action in the CNS may behave as a “vicious cycle” that may trigger

development of cognitive dysfunction and onset of Alzheimer’s disease in diabe-

tes patients (Fig. 6).

[Normal]

IDE

IR

Recycling

Internalization

Insulin

Degraded Insulin
Endosome

[Defective IDE]

IDE
IDE

Ab

Fig. 6 Hypothetical mechanism of insulin resistance caused by IDE insufficiency. IR bound with

insulin receives internalization. IDE degrades the ligand insulin at endosome. Free receptor is

transferred to membrane and recycled (top). When IDE is functional, sufficient numbers of

receptors are recycled to the cell surface, and the downstream signal maintains expression of

IDE (bottom left). In case IDE has insufficient function, ligand-bound IRs are trapped and unable

to be transferred/recycled. Reduction of available IR causes insulin resistance, and consequent

impairment of insulin action causes IDE downregulation, which aggravates IDE insufficiency as a

“vicious cycle”
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7 Insulin, Diabetes, and Brain Cholesterol Metabolism

Insulin plays a crucial role for glucose homeostasis, cell survival, and lipid meta-

bolism. Both type 1 and type 2 diabetes are frequently accompanied by dyslipide-

mia, which can occur as a consequence of alterations in lipogenesis, lipoprotein

secretion, and lipolysis in the body. A number of studies have been reported

concerning the effects of insulin on circulating lipid or lipid contents in the

peripheral tissues. However, lipid metabolism, especially cholesterol in the CNS

with insulin resistance/diabetes, is not yet well characterized in spite of its potential

importance.

In preliminary studies, we have observed a possible connection between insulin

action in the brain and cholesterol metabolism. In studies using Affymetrix micro-

arrays to identify genes differentially expressed in the hypothalami from STZ-

diabetic mice (a model of type 1 diabetes), ob/ob mice (a model of type 2 diabetes)

and NIRKO mice, a model of CNS insulin resistance we found that the cholesterol

biosynthesis pathway was one of the most highly regulated gene sets in the

hypothalamus of the STZ-diabetic mouse, with a decrease in expression of choles-

terol synthesis-related genes (Fig. 7).

The brain is the most cholesterol-rich organ, containing approximately 25% of

the cholesterol present in the body. Disturbances of intracellular cholesterol
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Fig. 7 Suppression of a cholesterol synthetic gene in streptozotocin-induced diabetes mouse brain.

Expression of HMG-CoA reductase (HMGCR), a rate-limiting enzyme for cholesterol biosynthe-
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metabolism by gene mutations cause some congenital diseases, i.e., Smith-Lemli-

Opitz syndrome (DHCR7 gene) and Niemann-Pick disease type C (NPC1 and

NPC2 genes), which exhibit CNS manifestations including mental retardation.

The majority of cholesterol present in the CNS resides in two different pools, the

myelin sheaths of oligodendroglia and the plasma membranes of astrocytes and

neurons. It has been estimated that up to 70% of the brain cholesterol is associated

with myelin (Bjorkhem and Meaney 2004). Although neurons are capable of

synthesizing cholesterol, it has been suggested that, in the adult state, neurons

rely on delivery of cholesterol from nearby cells such as astrocytes (Mauch et al.

2001; Pfrieger 2003). Many studies indicate that cholesterol content in neurons is

crucial for biogenesis of the synaptic vesicles (Thiele et al. 2000; Hering et al.

2003) and their exocytosis (Chamberlain et al. 2001; Lang et al. 2001; Mitter et al.

2003). Cholesterol delivered to neurons is thought to be important in synaptogen-

esis and may be incorporated into synaptic vesicles. For the delivery of cholesterol,

apoE-containing lipoproteins serve as cholesterol carriers. Transcripts for apoE are

distributed throughout all regions of the brain and are localized to astrocytes and

microglia (Beffert et al. 1998).

A growing body of evidence now implicates a possible link between cholesterol

and neurodegenerative disorders, including Alzheimer’s disease (Canevari and

Clark 2007). The earliest observation of the link was the recognition of apo E-e4
allele as an important risk factor for late-onset Alzheimer’s disease (Corder et al.

1993). The association between diabetes and Alzheimer’s disease is especially

strong among carriers of the apo E-e4 allele (Peila et al. 2002). Furthermore,

possible associations have been reported between Alzheimer’s disease and poly-

morphisms within the lipoprotein-related protein 1 (LRP1) gene (Kang et al. 1997;

Lendon et al. 1997), or HMG-CoA reductase (HMGCR) gene (Park et al. 2003;

Recuero et al. 2009), strengthening the putative relationship between cholesterol

biology and Alzheimer’s disease.

The role of cholesterol in Alzheimer’s disease has been controversial for a long

time (Shobab et al. 2005; Ledesma and Dotti 2006; Jaeger and Pietrzik 2008). One

controversy is about the possible beneficial effect of cholesterol-lowering statins in

reducing the risk of Alzheimer’s disease. Early case-control studies suggested that

statin use was associated with a significant decrease in prevalence of Alzheimer’s

disease or dementia. However, several recent prospective cohort studies did not

find any significant decrease in incidence of Alzheimer’s disease or dementia

among statin users (Shobab et al. 2005). Multiple in vitro studies have identified

a role for cholesterol in promoting Aß production, but not all results are consistent

(Abad-Rodriguez et al. 2004; Park et al. 2003; Liu et al. 2007). A significant

reduction of brain cholesterol in Alzheimer’s disease patients has been observed,

particularly in areas loaded with amyloid plaques (Ledesma et al. 2003). It is

possible that the heterogeneity of Alzheimer’s disease pathology makes the ques-

tions very complicated. Further studies examing the potential reduction of choles-

terol synthesis in brains with diabetes may provide insights into one mechanism of

reduced synapse plasticity in diabetes (Biessels et al. 1996; Kamal et al. 2006) and

pathogenesis of cognitive dysfunction in diabetes patients.
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The Brain-insulin Connection, Metabolic

Diseases and Related Pathologies

Kyriaki Gerozissis

Abstract By its action in the brain, insulin controls neuronal survival, energy

balance, glucose and lipid metabolism, cognition and additional vital functions.

Metabolic, endocrine and neural signals interact with the hormone in the central

nervous system, in particular in the hypothalamus and the hippocampus, and

regulate its efficiency. Insulin, leptin and serotonin share common signaling routes

involved in food intake, energy and glucose homeostasis, such as phosphatidylino-

sitol-3-kinase (PI3K), STAT-3 and MAP kinase pathways. Alterations of brain

levels and brain signaling of either insulin or its partners, associated with deficient

beta-cell secretion and/or peripheral insulin resistance, contribute to the initiation

and progress of metabolic and related pathologies, Alzheimer’s disease and depres-

sive syndromes.

Despite the availability of numerous therapeutic options for diabetes, current

approaches are not adequately effective. Most of them do not take into account

either the complex interactions among the various sites of insulin action or the

importance of central insulin resistance or its interplay with neurotransmitters and

peptides. Most antidiabetic therapies induce many adverse effects, in particular

obesity, and thus may initiate a vicious cycle of problems. Furthermore, inefficient

diabetic therapy is a high risk for the development of mood and neurodegenerative

diseases. At present, new compounds and novel routes of drug administration

targeting insulin and its partners in the CNS, resulting in increased central effi-

ciency of the hormone, and studies aiming to further elucidate central mechanisms

of insulin action offer hope for novel ways of prevention and intervention in

metabolic pathologies and complications.
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1 Introduction

The central nervous system controls vital functions by efficiently coordinating

peripheral and central cascades of signals and networks in an orchestrated manner.

Historically, the brain was considered to be insulin independent. These earlier

views have been challenged by findings demonstrating that insulin exerts multiple

actions in the brain, regulating vital biological processes such as life span,

neuronal survival, cognition, reproduction, feeding behavior, energy balance,

and glucose and fat metabolism, and that inefficient central action of insulin

contributes to the development of severe pathologies (Banks et al. 2000; Gerozissis

2003, 2004, 2008; Lustman and Clouse 2005; Okamoto et al. 2001; Park 2002;

Perrin et al. 2004; Pocai et al. 2005; Reger et al. 2008; Schwartz and Porte, 2005;

Schubert et al. 2004; van der Heide et al. 2005; Woods et al. 1979; Wrighten

et al. 2008).

Insulin and specific insulin receptors are widely distributed in the networks of

the central nervous system related mainly to feeding or cognition (Baskin et al.

1983; Bruning et al. 2000; Gerozissis 2003, 2008; Havrankova et al. 1978a, b;

Schechter et al. 1996; Schulingkamp et al. 2000; Schwartz et al. 1992; Zhao et al.

2004). Insulin receptors located in the synapses of neurons and in astrocytes are

present in high concentrations in the cerebral cortex, olfactory bulb, hippocampus,

amygdala, cerebellum and hypothalamus (Abbott et al., 1999; Havrankova et al.

1978a; Unger et al. 1991; Zhao and Alkon, 2001). The major molecular structure

and most of the properties of brain insulin receptors are identical to peripheral

insulin receptors (Wozniak et al. 1993).

Additionally, the literature has demonstrated the regulation of insulin release or

gene expression by glucose in hypothalamic cells in culture, in brain synaptosomes

or in the hypothalamus (Gerozissis et al. 2001; Madadi et al. 2008a; Santos et al.

1999).

Insulin crosses the blood-brain barrier, and transport of blood insulin in the brain

has been convincingly demonstrated. The hormone enters into circumventricular

regions that lack a blood-brain barrier and can cross the blood-brain barrier via

insulin receptor-mediated active transport (Banks 2004; Baura et al. 1993; Woods

et al. 2003). However, several studies suggest that a portion of brain insulin is

potentially de novo produced locally. Actually, reverse transcription-polymerase

chain reaction (RT-PCR) and in situ hybridization approaches, for instance, clearly

indicate insulin or preproinsulin gene expression in immortalized hypothalamic

cells, the hypothalamus, the cortex or the hippocampus in the fetal, newborn and

adult rodent brain (Banas et al. 2009; Clarke et al. 1986; de la Monte et al. 2005;

Devaskar et al. 1994; Grunblatt et al. 2007; Hrytsenko et al. 2007; Madadi et al.

2008; Schechter et al. 1990, 1994, 1996; Steen et al. 2005).
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2 Central Interplay of Insulin with Hormones, Neuropeptides

and Neurotransmitters

By its action in the brain, insulin, together with various hormones, neuropeptides

and transmitters, controls processes related to feeding behavior, energy and glucose

homeostasis, and learning and memory and is potentially involved in the commu-

nication within brain structures, in particular the hypothalamus and the limbic

system (Blundell 1984; Fehm et al. 2006; Fetissov et al. 2000; Feurte et al. 2000;

Gerozissis 2003, 2004, 2008; Lam et al. 2005; Morton et al. 2006; Niswender and

Schwartz, 2003; Obici et al. 2002a, b; Plum et al. 2006; Rother et al. 2008; Schwartz

and Porte 2005; Woods et al. 2000; Yamada et al. 1997). So far, the most

investigated field of central insulin action is the control of energy balance and the

adjustment of both food intake and energy expenditure occurring mainly in the

hypothalamus. However, extrahypothalamic structures, in particular the brain stem,

the cortex and the hippocampus, also have an important role in those processes

(Berthoud and Morrison 2008; Fehm et al. 2006; Tracy et al. 2001).

In the hypothalamus, there is a complex interplay of insulin with peptides and

neurotransmitters, in particular serotonin (5-hydroxytryptamine, 5-HT), leptin, the

brain-derived neurotrofic factor (BDNF), melanocortins, neuropeptide Y (NPY),

agouti-related protein (AgRP), melatonin, ghrelin and potentially additional neu-

roregulators (Guillod-Maximin et al. 2009; Teccott et al. 1995). Insulin shares with

those mediators, and in particular with leptin and serotonin, signaling pathways in

the brain and in neuronal cells in culture, resulting in overall membrane and/or gene

effects (Benomar et al. 2005; Gerozissis et al. 2007; Niswender and Schwartz 2003;

Plum et al. 2006; Rother et al. 2008; reviewed by Gerozissis 2008; McNay 2007).

Abundant literature supports the hypothesis of an important role for insulin in

processes related to memory. Numerous studies show that acute intravenous

administration of the hormone facilitates cognition in humans (Kern et al. 2001;

Park et al. 2000; Reger and Craft 2006; Watson and Craft 2004). Insulin’s acute

effects on memory follow a curvilinear dose–response pattern, such that very low

and very high doses of insulin do not facilitate memory (Craft et al. 2003). In

addition, chronically elevated peripheral levels of insulin appear to induce cogni-

tive impairments (Craft 2007; Elias et al. 1997; Luchsinger et al. 2004). The

mechanisms through which insulin affects memory are not well documented and

require additional investigation. However, several studies demonstrate effects on

cerebral energy metabolism, neurotransmitter levels and synaptic plasticity (Gispen

and Biessels 2000; Reagan 2007). Although insulin does not appear to increase

glucose transport into the brain, it stimulates glucose uptake in medial temporal

lobe structures that support memory and has selective effects on cerebral glucose

metabolism (Bingham et al. 2002; Doyle et al. 1995; Reger and Craft 2006).

In addition to insulin, the literature implicates leptin in the regulation of neuronal

structure and function in the hippocampus, the cortex and other brain areas (Harvey

and Aschford 2003; Huang et al. 1996; Shioda et al. 1998). Interestingly, insulin

increases the expression of leptin receptors in the hippocampus. Furthermore,
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insulin modulates central levels of neurotransmitters known to affect cognition,

such as acetylcholine, serotonin or norepinephrine (Figlewicz et al. 1993; Kopf and

Baratti 1999; Orosco and Gerozissis 2001; Paulus et al. 2005). Neuronal signals

activated by leptin may overlap with those generated by insulin, and this may

explain the many similarities in their central effects. A direct central dialogue

between insulin and leptin in particular at the PI3K level was convincingly demon-

strated (Niswender and Schwartz 2003). Nevertheless, unrelated brain actions of

the two hormones have also been reported.

Insulin and leptin further interact via other neuromodulators, in particular the

anorexigenic neurotransmitter serotonin. We have demonstrated previously bidi-

rectional effects of insulin and serotonin in the median hypothalamus, an interac-

tion that seems to be a link in a larger cascade of events in the complex regulatory

loop between hypothalamic neuromodulators and nutritional behavior (Gerozissis

2008; Orosco and Gerozissis 2001; Orosco et al. 2000). It has been suggested that

the central serotonergic system acts on energy metabolism via leptin-responsive

hypothalamic pathways (Calapai et al. 1999). In turn, leptin increases serotonin

turnover and affects the acute feeding-induced hypothalamic serotonergic stimula-

tion (Telles et al. 2003). The presence of leptin receptors on serotonin neurons in

several cell groups suggests that leptin might exert some of its effects on energy

balance through the serotonin system. Indeed, either depletion of serotonin or

treatment with serotonin receptor antagonists attenuates the anorectic effect of

leptin (Finn et al. 2001; Hay-Schmidt et al. 2001). Type 2c serotonin receptors,

(5-HT2cR) and potentially 5-HT2bR are involved in the anorexic action of the

transmitter (Gerozissis et al. 2007; Lam et al. 2008). Mice lacking functional

5-HT2cR, for instance, are hyperphagic and develop obesity (Tecott 1995).

As insulin and leptin are involved in the regulation of food intake and body

weight and affect memory and learning processes, it appears likely that these

hormones, together with serotonin, which is also involved in cognitive processes,

might be a potential link between nutrition and cognition (Gerozissis 2003;

Gerozissis et al. 2001; Morrison 2009). Our own data associated with the literature

suggest that brain insulin, in interaction with serotonin, leptin, melanocortins and

potentially additional regulators, might be involved in cognitive processes related

to feeding, in particular in anticipation of meal time (Benoit et al. 2003; Drazen

et al. 2005, 2006; Gerozissis 2003, 2008; Gerozissis et al. 2001).

3 Mechanisms of Action

As in peripheral tissues, in brain structures (mainly the hypothalamus and the

hippocampus) and human neuroblastoma cells in culture, insulin activates several

signaling pathways, such as insulin receptor substrate/phosphatidylinositol-3-kinase

pathway (IRS/PI3K), Signal Transducer and Transcription Factor 3 (STAT3) and

mitogen-activated protein kinase (MAPK; Benomar et al. 2005; de la Monte et al.

2005; Gerozissis et al. 2007; McNay 2007; Niswender et al. 2003; Plum et al. 2005,
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2006; van der Heide et al. 2005). The IRS/PI3K signaling pathway operating in the

hypothalamus is implicated in food intake and glucose regulation, whereas in

the hippocampus it regulates cognition (Huang et al. 2004; Könner et al. 2007;

Niswender and Schwartz 2003; Niswender et al. 2003a, 2004; van der Heide et al.

2005). Blockade of PI3K activation by intracerebroventricular administration of

inhibitors of PI3K largely restores food intake that was decreased by either insulin,

serotonin or leptin administration (Gerozissis et al. 2001, 2006; Niswender et al.

2003a, 2004; Niswender and Schwartz 2004), assigning to the PI3K pathway a key

role in mediating the impact of the three partners on feeding behavior. PI3K

activation induces both membrane and genomic effects. Insulin binds to its receptor

on pro-opiomelanocortin (POMC) and AgRP neurons, stimulating receptor autop-

hosphorylation and activating its signal cascade. Insulin receptor substrate proteins

bind to the phosphorylated residues on the insulin receptor, recruit the regulatory

subunit p85 of PI3K and thus activate PI3K, which phosphorylates phosphatidylino-

sitol-4, 5-bisphosphate, generating phosphatidylinositol 3,4,5-trisphosphate (PIP3).

The protein kinase B/AKT and phosphoinositide-dependent protein kinase 1 (PDK1)

bind to PIP3. The phosphorylated AKT enters the nucleus, where it phosphorylates

and inactivates forkhead box protein O1 (FOXO-1). Various other hormonal and

nutrient-related signals regulate the activity of hypothalamic POMC neurons, in

particular leptin and serotonin, acting via receptors that are structurally different

from the insulin receptor, resulting in the release of melanocortins and regulation of

feeding behavior (Ahima et al. 2000; Finn et al. 2001; Carvalheira et al., 2001;

Gerozissis 2008; Heisler et al. 2002; Kalra et al. 1999; Könner et al. 2007; Lam

et al. 2007; Niswender and Schwartz 2003; Rother et al. 2008; Zhou et al. 2005;

Fig. 1).

In hypothalamic AgRP neurons, insulin treatment leads to membrane hyperpo-

larization and a decrease in action-potential frequency via activation of PI3K and

KATP channels and electrical silencing of these cells, resulting in reduced release of

AgRP, NPY, and other transmitters from AgRP neurons, regulation of liver inner-

vation and suppression of hepatic glucose production. Thus, acting through the

central nervous system, insulin regulates hepatic interleukin-6 expression to control

gluconeogenesis via STAT3 activation in liver parenchymal cells, thereby poten-

tializing systemic insulin’s direct suppressing effect on hepatic gluconeogenic gene

expression via activation of PI3K signaling and subsequent export of FOXO-1 from

the nucleus (Inoue et al. 2006; Könner et al. 2007; Rother et al. 2008). Leptin and

serotonin are also involved in hepatic gluconeogenesis acting rather directly in the

liver via specific receptors (see Könner et al. 2007; Rother et al. 2008).

Our own observations, obtained ex vivo in rat hypothalami or in a human neural

cell culture, suggest that insulin, serotonin and leptin, in addition to PI3K, share

MAPK and STAT3 pathways (Gerozissis et al. 2007).

The well-documented signaling pathway for insulin in the hypothalamus via

activation of PI3K is also involved in many of insulin’s actions within the hippo-

campus, such as memory enhancement. Some effects of insulin in the hippocampus

may also be mediated through activation of MAPK (de la Monte et al. 2005; Huang

et al. 2004; O’Malley and Harvey 2007; McNay 2007; van der Heide et al. 2005).
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Interestingly, insulin and serotonin, together with BDNF, also cooperate in

biological processes that influence aging and age-related diseases (Mattson et al.

2004a). Their signaling pathways activate one or more transcription factors that

regulate expression of genes encoding proteins involved in neural plasticity, stress

resistance and cell survival. They can also exert rapid transcription-independent

effects on neurons and glial cells (Mattson et al. 2004a, b). The presence of both

insulin and leptin receptors, the increased expression of the long form of the leptin

receptor following application of insulin in the hippocampus and also the action of

leptin via PI3K in this structure again suggest a possible cross-talk between insulin

and leptin (Paulus et al. 2005; Shanley et al. 2002).

4 Metabolic, Mood and Neurodegenerative Pathologies

Impairment of brain insulin gene expression, brain insulin levels or responsiveness

observed in aged subjects and rodents or humans with metabolic or neurodegenera-

tive diseases raised the question of the importance of altered brain insulin efficiency

in those pathologies. In type 1 diabetic models, insulinopenia impairs brain insulin

signaling that is associated with the biochemical and behavioral characteristics of

Alzheimer’s disease (Jolivalt et al. 2008). In terms of brain insulin availability, the

literature shows decreased cortical insulin concentration in post-mortem studies in

humans, whereas our own studies in rats show an extracellular hypothalamic insulin

decrease with age in normal weight animals and a worsening of hypothalamic

5HTIL

IRS

PI3K
POMC
neurons

MC 4R

Feeding

Fig. 1 In pro-

opiomelanocortin (POMC)

neurons, insulin (I), leptin (L)

and serotonin (5HT) modify

the production or the release

of melanocortins and thus

regulate feeding behavior.

The three partners might act

via the PI3K pathway directly

or/and indirectly. MC4R,

melanocortin type 4 receptors
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insulin deficiency with age in genetically obese models (Frolich et al. 1998;

Gerozissis et al. 1993, 2001). Chronic peripheral hyperinsulinemia downregulates

blood–brain barrier receptors and reduces insulin transport into the brain (Kaiyala

et al. 2000; Stein et al. 1987). Thus, conditions characterized by insulin resistance,

such as type 2 diabetes, may reduce the efficiency of central nervous system insulin

uptake and decrease brain insulin levels (Baskin et al. 1985; Israel et al. 1993;

Kaiyala et al. 2000; reviewed by Reger and Craft 2006). The literature suggests that

lack of insulin in the brain promotes neuronal differentiation affecting learning,

memory, and Alzheimer’s disease (Li and Holscher 2007; Schechter et al. 2005).

However, even more than brain insulin deficiency, inappropriate insulin concentra-

tions and impaired ratio of brain to peripheral insulin levels appear pathophysiolo-

gically important. Actually, brain insulinopenia associated with mild or high

insulinemia, resulting in an important negative shift of brain to peripheral insulin

ratio, is reported in aged or obese rodents and humans and in patients with

Alzheimer’s disease (Cohen and Dillin 2008; Craft et al. 1998; Kern et al. 2006;

Steen et al. 2005; Stein et al. 1987; Fig. 2).

At present, the classic concept stating that only skeletal muscle, beta-cells and

liver are involved in metabolic dysfunctions seems not satisfactory anymore. There

is increasing evidence in favor of complex interactions among the various sites of

insulin action and of redundant mechanisms for inter-organ communication. It

appears likely that every tissue contributes to the onset of diabetes. The brain has

a pivotal role in those processes (Accili 2003; Bruning et al. 2000; Dore et al. 1997;

Fig. 3).

Intact insulin signaling in the brain is essential for energy and glucose homeo-

stasis. The blockading of insulin action in the hypothalamic arcuate nucleus by

insulin antibodies, decreasing insulin receptors by antisense oligonucleotides, or

Central insulin Central/peripheral

LOW CENTRAL/PERIPHERAL INSULIN RATIO IN
DYSFUNCTIONS 

Obesity

Age

AD
*

**

*either CSF, or hippocampal I mRNA; **fa/fa Zucker rats

Insulinemia

Fig. 2 An important negative shift of brain-to-peripheral (insulinemia) insulin ratio was observed

in the hypothalamus or cortex of aged or obese rodents or humans and in patients with

Alzheimer’s disease (AD). Central insulin was determined by measurements of the hormone or

its gene expression (mRNA) in the cerebrospinal fluid (CSF), the hypothalamus, the hippocampus

and the cortex in vivo or in post mortem studies
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inhibiting activation of PI3K lead to decreased ability of circulating insulin to

suppress endogenous glucose production (Obici et al. 2002a, b; Prodi and Obici

2006). In humans, a lack of IRS-2 in the hypothalamus results in increased appetite

and body weight, leading to insulin resistance and finally diabetes (Lin et al. 2004).

Furthermore, mice with neuron-specific insulin receptor deletion show an increase

in food intake and body weight (Bruning et al. 2000). The restoration of insulin

receptors in the brains of mice with tissue-restricted insulin receptor expression

maintains energy homeostasis and prevents diabetes (Okamoto et al. 2004). On the

other hand, cerebrocortical insulin resistance is observed in either obese patients or

individuals with the Gly972Arg polymorphism in IRS-1, a type 2 diabetes risk gene

(Tschritter et al. 2006). Additional literature suggests that defective insulin signal-

ing within key hypothalamic neuronal pathways, along with impaired leptin signal-

ing, can be included in the potential mechanisms linking obesity to type 2 diabetes

(Lin et al. 2004; Obici et al. 2002; Porte et al. 2005; Schwartz, 2001; Schwartz and

Porte, 2005). Recent studies demonstrate that chronic brain leptin infusion in rats

in vivo stimulates hypothalamic phosphotyrosine phosphatase (PTP-1B) expres-

sion, suggesting a potential progressive installation of leptin and insulin ineffi-

ciency since this phosphatase negatively affects both leptin and insulin signaling

pathways (Benomar et al. 2009; Berthou et al. 2008; White et al. 2009).

Deficits in insulin receptor signaling and impairments in hypothalamic–pituitary–

adrenal axis function contribute to the neurological complications of diabetic

patients. The literature supports the hypothesis that a long-term consequence of

diabetes and obesity is accelerated brain aging that results in neuropsychological

deficits and increased vulnerability to co-morbidities such as Alzheimer’s disease

insulinhealthy genetic
background,

balanced life style

Physiological function

genetic predisposition
inappropriate
environment

Metabolicand related
dysfunctions

Inefficient insulinaction

Effic
ient in

sulin
 actio

n

Fig. 3 With a healthy genetic background and environment, a balanced lifestyle via an orche-

strated, matched inter-organ communication maintains efficient brain insulin action and physio-

logical functions. Inheritance, stress, inappropriate nutrition and physical exercise, and low mental

activity disrupt brain insulin signaling and efficiency and, together with peripheral insulin resis-

tance, deregulate normal functions, contributing to the onset of obesity, diabetes and related

pathologies
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and depressive syndromes (Kodl and Seaquist 2008; Reagan 2007; Wrighten et al.

2009). On the other hand, administration of insulin improves cognitive performance

in healthy subjects (Park et al. 2000) and aged subjects (Messier et al. 1997;
Winocur and Gagnon, 1998) and in experimental models of insulin resistance and

in Alzheimer’s disease patients (Craft et al. 1999; Jolivalt et al. 2008; Reagan 2007).

The diminished central concentration of insulin in the cerebrospinal fluid of

Alzheimer’s disease patients is probably due to a lower rate of insulin transport in

the brain, resulting from a down-regulation of insulin receptors at the level of

blood-brain barrier (Reger and Craft 2006). Additionally, diminished local insulin

production cannot be excluded, since lower insulin gene expression messenger

RNA levels are reported in the hippocampus of Alzheimer’s disease patients

(Steen et al. 2005). The main pathophysiological characteristics of obesity and

diabetes – impaired glucose homeostasis, central and peripheral insulin resistance,

lack of insulin in the brain, chronic hyperinsulinemia and hyperleptinema – affect

the hippocampus, where they induce insulin and/or leptin resistance, alter synapto-

genesis and contribute to accelerated brain aging in diabetic patients (Craft 2007;

Reagan 2007). Those hippocampal alterations increase vulnerability to the devel-

opment of neurodegenerative disorders, including Alzheimer’s disease, which is

considered by some authors to be brain type 2 diabetes or type 3 diabetes (Elias

et al.1997; Helkala et al. 1995; Hoyer 1998; Luchsinger et al. 2004; Strachan et al.

1997; Steen et al. 2005; reviewed by Reger and Craft 2006; Wrighten et al. 2008).

The obesity of the Zucker rat, a shorter-living animal than its lean congener, is

associated with numerous metabolic and neurochemical disturbances in central

transmitters regulating feeding behavior. In this model, both hypothalamic insulin

levels and serotonin responsiveness to food intake are impairedwith aging (Gerozissis

et al. 2001; Lemierre et al. 1998). The alteration of serotonin responsiveness in this

model appears of interest because of the crucial role of the serotonergic system in

depression and its eventual importance in metabolic dysfunctions (Gerozissis 2008;

Kalia 2005; Okamura et al. 2000).

Actually, abundant literature associates obesity/diabetes and depressive disor-

ders. Epidemiologic studies report increased incidence of depression in diabetics,

including adolescents, and vice versa (Lustman and Clouse 2005; Lustman et al.

2008; McIntyre et al. 2007; Stewart et al. 2005). In view of the above observations,

some authors propose to reclassify depressive syndromes as “Metabolic syndrome

type 2” (McIntyre et al. 2007).

The two processes, diabetes and depression, negatively interact, in that depres-

sion leads to poor metabolic control and hyperglycemia exacerbates depression.

Depression constitutes a major risk factor in the development of type 2 diabetes and

may accelerate the onset of diabetes complications. Interestingly, depressive, non-

diabetic patients have several insulin- and glucose-metabolism disturbances. The

pathophysiological similarities between diabetes and stress-related depression sug-

gest that common mediators may be involved in the etiology and progression of the

neurological complications of these disorders.

The activation of the serotonergic system modulates the function of the hippo-

campus, which receives a strong serotonergic projection from the raphe nuclei and
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expresses serotonin receptors at high density (Kalia 2005). Patients with clinical

depression develop glucose intolerance and impaired insulin sensitivity. These

abnormalities can be resolved after treatment with antidepressants and recovery

from depression (Okamura et al. 2000). The metabolic syndrome is associated with

suppressed neuroendocrine responses to serotonin. In a type 2 diabetic model, the

Goto Kakizaki rat, for instance, our pilot studies demonstrate inefficient serotoner-

gic responsiveness of the hypothalamus to food intake (Gerozissis et al. 2008).

Literature based on a study of suicide victims suggests that the PI3K signaling

pathway is involved in serotonergic action in the brain (Hsiung et al. 2003).

However, the exact molecular mechanisms affected by the insulin-serotonin inter-

related action in both metabolic and mood disorders remain elusive.

Concerning leptin, both leptin insufficiency and leptin resistance may contribute

to the onset of depression. Low levels of leptin are associated with depressive

behaviors in rodents and humans, whereas pharmacological studies indicate that

leptin has antidepressant-like efficacy (Lu 2007).

There is now a growing body of literature supporting the implication of both

leptin and serotonin in Alzheimer’s disease. Leptin facilitates hippocampal syn-

aptic plasticity and thus it may improve hippocampus-dependent behavioral

performances (Shanley et al. 2001). Additional studies suggest that alterations

in insulin and leptin signaling within non-hypothalamic brain areas are among

potential mechanisms linking obesity and diabetes to impaired cognitive function

(reviewed by Wrighten et al. 2008). Further studies indicate that inefficient leptin

signaling, a well-described phenomenon in the hypothalamus, may also be observed

in the hippocampus in obesity and diabetes. Thus leptin resistance might contrib-

ute to deficits in hippocampal synaptic plasticity and to enhanced neuronal

susceptibility to damage (Shanley et al. 2001; Signore et al. 2008; Wrighten

et al. 2008). As mentioned above, leptin and insulin share numerous signaling

cascades that are also shared by other neuroprotective molecules. The signaling

mechanism underlying neuroprotective effects involves the activation of PI3K,

MAPK, and Src tyrosine kinases (Shanley et al. 2001). Finally, leptin has been

proposed as a novel therapeutic agent for Alzheimer’s disease (Fewlass et al.

2004; Greco et al. 2009).

Alzheimer’s disease and depressive syndromes are closely related. In fact, a

history of depression is a risk factor for patients with Alzheimer’s disease, whereas

neurochemical alterations in the brains of those patients include reduced levels of

serotonin and other neurotransmitters. It appears that inefficient activation of

serotonin signaling pathways might promote synaptic dysfunction and neuronal

death in Alzheimer’s disease (reviewed by Mattson et al. 2004a). Serotonin may

enhance synaptic plasticity by up-regulating the expression of brain-derived neuro-

trophic factor (BDNF), a neuropeptide that shares signaling pathways with brain

insulin. This signaling mechanism may be compromised in Alzheimer’s disease

(Tong et al. 2001). Interestingly, serotonin receptor agonists and serotonin-selective

reuptake inhibitors (SSRI), widely prescribed for the treatment of clinical depres-

sion, may also be used as neuroprotective agents (Lezonalc‘h 2007; Nelson et al.

2007; Sanchez et al. 2001).
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Figure 4 points out some aspects of the obesity/diabetes interconnection with

mood and neurodegenerative pathologies via multiple insulin, leptin and serotonin

interactions.

Most of the initiating events that alter the control of metabolic homeostatic

mechanisms appear to have an environmental origin. However, a genetic predispo-

sition facilitates the initiation of these disturbances. The risk of metabolic disorders

in subjects with genetic susceptibility is strongly increased by factors such as an

abundant or an unbalanced energy-dense diet, combined with inappropriate physi-

cal activity and stress. Interesting information is coming from diet-induced obesity

(DIO) models. Actually, high fat diets that do not affect the age-matched resistant

controls induce obesity in DIO rats (Clegg et al. 2005; Irani et al. 2007).

High-fat diets are incriminated in mechanisms operating in both the periphery

and the brain, disrupting energy balance, glucose homeostasis and cognitive perfor-

mance (Gerozissis 2004, 2008; Greenwood and Winocur, 2001; Prada et al. 2005;

Woods et al. 2004). Food rich in fats, in particular saturated, as well as diabetes,

alter insulin and leptin levels and transport in the brain, modify energy and glucose

metabolism, and induce cognitive impairments (Banks et al. 2006; Gerozissis et al.

1997,1999; Kayala et al. 2000; Rouch et al. 2005; Woods et al. 2003). In the central

nervous system, those diets modify insulin gene expression and efficiency, leptin

signaling and serotonin responsiveness to food intake (Banas et al. 2009; Koros

et al. 2009; Lin et al. 2000). Given for a short period, during which body weight

remains stable, high-fat diets induce in the hypothalamus a transitory suppression of

the orexigenic peptides NPY and AgRP (Ziotopoulou et al. 2000) and a transitory

increase of the gene expression of insulin, insulin receptors and insulin receptor

substrates (Banas et al. 2009). All these modifications might represent adaptive

mechanisms attempting to counteract the inefficiency of regulatory elements, such

genetic & environmental factors, life style, diseases, age

altered brain/ peripheral
insulin levels, insulin

resistance 
+

leptin, serotonin inefficiency

metabolic pathologies

cognitive
impairment,

neuronal death

Neurodegenerative

mood diseases

Fig. 4 Genetic predisposition, environment, inappropriate nutrition, low mental and physical

activity, illnesses and age induce cognitive impairment, alter the levels and efficiency of peripheral

and central insulin, serotonin and leptin, and induce metabolic pathologies that contribute to the

initiation and progress of mood and neurodegenerative diseases. In turn, mood and cognitive

disorders have a negative impact on metabolic dysfunctions
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as diminished responsiveness of central serotonin, reduced release and efficiency

of additional neuromodulators (Banas et al. 2009; Woods et al. 2004) and/or

reduced peripheral insulin sensitivity (Cruciani-Guglielmacci et al. 2004; Griffin

et al. 1999). Even if rats fed those diets for short periods develop more abundant

fat tissue than the chow-fed controls (Banas et al. 2009), longer periods of fat

ingestion are necessary to increase body weight gain and develop obesity (Drake

et al. 2005; Ghibaudi et al. 2002; Kitraki et al. 2004; Soulis et al. 2005). A long-

term, rich-in-fat regimen results in peripheral insulin resistance through an

impairment of the ability of insulin to activate the IRS/PI3K pathway. A similar

mechanism leading to combined insulin and leptin resistance during enriched-in-fat

feeding could operate in the hypothalamus, in both animals and humans (for review,

see Gerozissis 2008).

5 Current treatment trends

Current strategies for treating metabolic diseases and complications are not ade-

quately effective. Most antidiabetic therapies induce many adverse effects and

probably initiate a vicious cycle of problems (Fehm et al. 2006; Gerozissis 2008).

Strict glucose control, for instance, promotes weight gain that appears to play a

fundamental role in the pathophysiology of diabetes (Fehm et al. 2006; Looker et al.

2001). Further, although more than one quarter of diabetic patients show clinical

depression, the pathology is recognized and treated in only about one third of these

cases. Finally, pharmacological management of Alzheimer’s disease is, at best,

palliative and quasi-ineffective, inducing important adverse effects. However, early

intervention in Alzheimer’s disease is possible, because cognitive impairment is

detectable years prior to diagnosis (Kidd 2008).

New perspectives for more efficient interventional approaches to metabolic

diseases and complications have come from recent brain studies. Targeting the

human brain for therapy is a particularly challenging problem because of the

difficulty of delivering drugs within the brain and maintaining therapeutic local

levels. Nonetheless, novel strategies are under active investigation.

One interesting approach focuses on insulin analogs, with enhanced transport

from the periphery to the central nervous system and thus with increased efficiency

in the brain. Interestingly, such analogs, which improve glycemic control, do not

increase weight gain (Gerich 2002; Hennige et al. 2006).

Alternative techniques and routes of insulin administration are proposed. As

insulin receptors are present in the olfactory bulb, the intranasal route is a practica-

ble way to reach the brain while maintaining euglycemia (Born et al. 2002; Reger

and Craft 2006; Reger et al. 2008a, 2008b). Actually, this route allows direct rapid

access of the hormone to the cerebrospinal fluid compartment, and the effects

observed in animals and humans correspond to the diverse actions of insulin.

Intranasal administration of insulin enhances memory and mood and decreases

body weight in healthy humans without causing hypoglycemia. Interestingly, a
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differential sensitivity of men and women to body weight- and memory-improving

effects was observed in subjects receiving intranasal insulin. Women appear to be

more resistant to the acute anorexigenic effect of central nervous insulin signaling

and more sensitive than men to insulin’s beneficial effect on hippocampus-

dependent memory functions (Benedict et al. 2008; Hallschmidt et al. 2004).

Intranasal administration of centrally efficient insulin analogs, which may

increase the number of molecules transported from the nasal cavity to the brain,

is an interesting combination that appears to enhance insulin’s efficiency on

hippocampal memory processing, resulting to memory improvement (Benedict

et al. 2007).

It appears that the stabilization and reversal of metabolic and related pathologies

require integrative management: improvement of life style through appropriate

diets, mental and physical activities, reduction of stress, and early initiation of

efficient treatment of metabolic and related dysfunctions.

Associated with, or alternatively to, insulin therapy, multiple molecule combi-

nations and approaches that simultaneously use more efficient routes of administra-

tion targeting both the periphery and the central nervous system, targeting insulin

and/or its partners may be of considerable relevance for clinical applications in the

treatment of metabolic and related pathologies (Banks et al. 2002; Bojanowska

2005; Cohen and Horton 2007; Kidd 2008; Lustman et al. 2008; Prodi and Obici,

2006; Gerozisssis 2008; Kidd 2008; Lustman et al. 2005; Perry and Greig, 2002;

Porte et al. 2002; Pardridge et al. 2007; Reger and Craft 2006; Stockhorst et al.

2004; Wrighten et al. 2008).

Nonetheless, given the close interaction of insulin with numerous partners and

the involvement of all those actors in multiple physiopathological situations, avoid-

ing important side effects is crucial and has to be seriously considered in the design

of an efficient therapy. Further investigations are necessary to determine the best

strategies for long-term management of patients with these chronic pathologies.

6 Conclusion

A multitude of organs, networks and factors contribute to maintaining or altering

insulin efficiency. Both central and peripheral insulinopenia and/or insulin resis-

tance as well as central to peripheral insulin imbalance may contribute to the

initiation and progress of metabolic, neurodegenerative and mood pathologies.

Insulin’s complex interaction with peptides and neurotransmitters in the brain

appears to offer a largely unexplored area for novel efficient preventive and

curative approaches. Together with maintaining a healthy life style through an

appropriate diet, mental and physical exercise, avoidance of stress, early treatment

and global management with multiple interventional combinations appear promising

for a positive global outcome. Efficient treatments for metabolic and related

pathologies will, we hope, benefit from further investigations into the mechanisms

of insulin action in the brain.
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Insulin-Mediated Neuroplasticity in the Central

Nervous System

Lawrence P. Reagan

Abstract Neuroplasticity is a concept that can be broadly defined as the ability of

the central nervous system (CNS) to respond and adapt to the surrounding milieu.

Neuroplasticity occurs in a variety of ways, including changes in the structural and

functional properties of neuronal and non-neuronal cells as well as alterations in

receptor pharmacology and neurochemical profiles. Ultimately these changes affect

cognitive performance. Emerging evidence from clinical and preclinical studies

suggests that insulin is an important mediator and facilitator of neuroplasticity in

the CNS. Insulin administration improves cognitive performance in a variety of

clinical settings ranging from normal healthy volunteers to patients with mild

cognitive impairment (MCI) and Alzheimer’s disease (AD). Since the cognition-

enhancing actions of insulin are likely mediated by insulin receptors (IR), these data

suggest that impairments in the functional activities of insulin in the hippocampus

may contribute to cognitive deficits observed in diabetes patients. The clinical and

epidemiological data illustrate that diabetes patients have an increased risk of

developing age-related disorders like AD, suggesting that deficits in IR signaling

may be a key initiating factor in the development and progression of cognitive

decline. An important question that remains to be addressed is the identification of

the mechanisms through which insulin enhances cognitive performance and, con-

versely, how impairments in IR signaling may contribute to neuroplasticity deficits

associated with diabetes and age-related disorders. This aim of this review is to

discuss the literature that supports the hypothesis that insulin is a trophic factor in

the CNS that supports neuroplasticity, particularly as it relates to how deficits in IR

signaling may be a mechanistic link between neurological co-morbidities like AD

and diabetes.
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1 Introduction

Diabetes mellitus is an endocrine disorder of carbohydrate metabolism resulting

from inadequate insulin release (type 1 diabetes; T1DM) or insulin insensitivity

(type 2 diabetes; T2DM). T1DM is believed to occur in response to an autoimmune

destruction of insulin-producing pancreatic b cells, whereas T2DMmay be triggered

or worsened by a number of factors, including obesity, hypertension, and other

features of the metabolic syndrome. For many years it has been well accepted that

diabetes results in peripheral complications such as retinopathy, peripheral neuropa-

thy, stroke and coronary heart disease. There is now evidence from clinical and

preclinical studies illustrating that the complications of diabetes extend to the central

nervous system (CNS) and include structural, neurochemical and functional changes

(Gispen and Biessels 2000). More simply, diabetes elicits deficits in neuroplasticity

in the CNS. One brain region in which neuroplasticity is adversely affected in

diabetes phenotypes is the hippocampus, an important integration center for learning

and memory in the mammalian brain (McEwen 1999). Diabetes-mediated neuro-

plasticity deficits in the hippocampus may include neuronal atrophy, decreased

hippocampal formation volumes, synaptic reorganization, decreases in neurogen-

esis/cell proliferation, decreases in synaptic transmission, elevations in oxidative

stress mediators and alterations in receptor pharmacology, among others. -Ultimately,

a long-term consequence of diabetes-induced neuroplasticity deficits may be

cognitive impairments. While controversy remains regarding the magnitude and

significance of cognitive deficits in diabetes patients, clinical and epidemiological

data clearly demonstrate that diabetic patients are at increased risk of developing

neurological co-morbidities, including mood disorders (Reagan 2007) and age-

related disorders (Luchsinger et al. 2004, 2007). Accordingly, the aim of this chapter

will be to review our current understanding of neuroplasticity deficits in diabetes,

especially as they relate to cognitive performance and neurological comorbidities.

2 Morphological Plasticity

The hippocampus exhibits a dynamic range of structural changes depending upon

the neuronal milieu. For example, changes in neuronal spine density may be

stimulated in the hippocampus under physiological conditions and contribute to

the facilitation of learning and memory (Bourne and Harris 2008). The birth of new

dentate gyrus granule neurons (i.e., neurogenesis) has also been implicated as an

important facilitator of hippocampus-dependent learning and memory (Aimone

et al. 2009; Leuner et al. 2006). Conversely, deficits in the structural integrity of

the hippocampus are intimately associated with cognitive decline observed in

neurological disorders, including T1DM and T2DM. In experimental models,

short-term hyperglycemia (i.e, 7 to 21 days) produces rapid structural changes in

the rodent hippocampus. In this regard, streptozotocin (STZ) diabetic rats, an
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experimental model of T1DM, exhibit dendritic remodeling in the CA3 region of the

rat hippocampus (Magariños and McEwen 2000). Our subsequent studies deter-

mined that hyperglycemia-mediated morphological changes are more widespread in

the hippocampus of STZ rats and include redistribution of synaptic proteins that

may affect neurotransmission and plasticity (Grillo et al. 2005). These morphologi-

cal changes in response to short-term hyperglycemia occur in the absence of

neuronal degeneration in the hippocampus of STZ rats (Reagan 2002). Suppression

of cell proliferation and neurogenesis is also observed in STZ diabetic rodents

(Kim et al. 2003; Saravia et al. 2006) and the NOD mouse (Beauquis et al. 2008).

Interestingly, diabetes-induced decreases in neurogenesis/cell proliferation are

inhibited by treatments that have previously been shown to increase cell prolifera-

tion in the dentate gyrus, including exercise (Kim et al. 2003), estrogen treatment

(Saravia et al. 2006) and antidepressant treatment (Beauquis et al. 2006).

Additional studies have identified histopathological complications in diabetic

rodents indicative of accelerated brain aging. In a study of Alzheimer-associated

pathologies in animal models of diabetes, both T1DM and T2DM rats exhibited

decreases in phosphorylated Akt and phosphorylated GSK-3b (Li et al. 2007),

which may have contributed to the development of histological AD features.

Additionally, tau hyperphosphorylation is observed in the hippocampus of STZ

diabetic mice (Clodfelder-Miller et al. 2006; Planel et al. 2007; Zhao et al. 2003), as

well as in the hippocampus of fatty Zucker rats, an experimental model of T2DM

(Wrighten et al. 2008). It is interesting to speculate that morphological deficits and

increased AD-like histopathology observed in experimental models of diabetes

represent initiating factors in the long-term complications in diabetes, including

increased risk of co-morbid, age-related disorders.

An important consideration, especially in relation to hippocampal function, is

whether these neuroanatomical changes represent the initiation of irreversible

neuronal damage in diabetic subjects. Following chronic hyperglycemia, neuronal

apoptosis and decreases in neuronal density are observed in the hippocampus of

diabetic rodents (Li et al. 2002). A recent magnetic resonance imaging study

identified reduced T2 values in the CA3 region of the hippocampus, as well as

decreases in hippocampal volume following chronic hyperglycemia (Toth et al.

2006). One caveat associated with these chronic hyperglycemia studies is that the

relationship of these findings to the clinical situation remains to be determined. In

this regard, clinical studies support these observations in that structural abnormal-

ities are observed in the hippocampus of T1DM and T2DM patients. As such, the

collective observations from clinical and preclinical studies illustrate that structural

deficits are a neurological complication of diabetes.

3 Oxidative Stress

In physiological conditions, there is a delicate balance between the synthesis of

oxygen free radicals and the activities of anti-oxidant pathways. Oxidative stress,

lipid peroxidation and increased production of reactive oxygen species reduce the

Insulin-Mediated Neuroplasticity in the Central Nervous System 45



activity of proteins that are critical to neuronal homeostasis (Mattson 1998).

Oxidative stress and reactive oxygen species are increased in diabetes (Baynes

1991; Wolff 1993) and are proposed to contribute to the development of diabetic

encephalopathy (Gispen and Biessels 2000). In support of this hypothesis, superox-

ide production is increased in the serum of T1DM patients, increases that are

reduced with improved glycemic control (Ceriello et al. 1991). Studies from animal

models have strengthened the relationship between disrupted oxidative stress

balance and diabetes. Lipid peroxidation products such as 4-hydroxynonenal

(HNE) and malondialdehyde (MDA) are increased in the brains of diabetic rodents

(Kumar and Menon 1993; Traverso et al. 1998) and more specifically in the

hippocampus of STZ rats (Grillo et al. 2003; Reagan et al. 2000; Reagan 2002;

Tuzcu and Baydas 2006). HNE has been shown to mediate b-amyloid toxicity

(Mark et al. 1997) and oxidative stress-induced apoptosis in hippocampal primary

cultures (Kruman et al. 1997). Specific protein targets of oxidative stress have been

identified that may contribute to diabetes-mediated neuroplasticity deficits. In this

regard, the glial glutamate transporter GLT-1 is a target of HNE protein conjuga-

tion, which may be responsible for HNE-mediated decreases in glutamate transport

in primary astrocytic cultures (Blanc et al. 1998) and in rat cortical synaptosomal

fractions (Keller et al. 1997). Our previous studies have identified the neuron-

specific glucose transporter GLUT3 as a target of HNE protein conjugation in

the hippocampus of diabetic rats (Reagan et al. 2000). Functionally, this post-

translational modification of GLUT3 may be responsible for decreases in glucose

uptake observed in primary neuronal cultures treated with HNE (Keller et al. 1997).

In addition to increases in pro-oxidant pathways, hyperglycemia decreases anti-

oxidant pathways in the diabetic brain. For example, glutathione levels (Tuzcu and

Baydas 2006), as well as the expression and activity of glyceraldehyde-3-phosphate

dehydrogenase (Aragno et al. 2005), are reduced in the hippocampus of STZ rats.

Interestingly, anti-oxidant treatments such as melatonin, vitamin E (Tuzcu and

Baydas 2006) and dehydroepiandrosterone (DHEA; Aragno et al. 2000, 2005;

Reagan et al. 2008) reverse the imbalances in anti-oxidant/pro-oxidant ratios by

increasing anti-oxidant expression and activity. Metformin also restores neuronal

oxidant/anti-oxidant balance in T2DM rats (Correia et al. 2008). These results

illustrate that hyperglycemia-mediated increases in oxidative stress adversely affect

neuronal metabolism and neurochemistry but also indicate that oxidative stress

status may be re-established in the diabetic brain.

4 Hypothalamic-Pituitary-Adrenal Axis Dysfunction

Many pathological conditions are associated with hypothalamic-pituitary-adrenal

(HPA) axis dysregulation, including diabetes (Reagan et al. 2008). Elevated plasma

glucocorticoid (GC) levels and/or increased reactivity of the HPA axis contribute to

the development of insulin resistance in obesity and in T2DM. These peripheral

actions of GCs extend to the CNS. For example, short-term corticosterone (CORT)
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administration elicits peripheral insulin resistance and also decreases insulin sensi-

tivity in the hippocampus, including decreases in insulin-stimulated translocation of

the insulin sensitive glucose transporter, GLUT4 (Piroli et al. 2007). Diabetic

animals exhibit increases in basal levels of corticosterone and increased sensitivity

to stress (Leedom et al. 1998; Magariños and McEwen 2000; Oster et al. 1988;

Scribner et al. 1991), which has lead to the suggestion that hyperglycemia may

serve as a model of chronic stress (Scribner et al. 1993). Such observations raise the

question of whether the actions of stress and/or glucocorticoids may be accelerated

in the hippocampus of diabetic rats. In support of this hypothesis, our previous

studies have shown that exposure to short-term restraint stress exacerbates diabetes-

mediated complications, including dendritic atrophy (Magariños and McEwen

2000), impairments in IR signaling (Piroli et al. 2004), diabetes-mediated increases

in oxidative stress (Grillo et al. 2003) and alterations in glutamate transporter

expression (Reagan et al. 2008). Interestingly, adrenalectomized STZ rats and

db/db mice provided low-dose CORT replacement exhibit improved spatial mem-

ory and novel object recognition when compared to sham-operated animals and

adrenalectomized animals given high levels of CORT replacement (Stranahan et al.

2008). Such results support the notion that HPA axis dysfunction and/or exposure to

elevated glucocorticoid levels contributes to the cognitive deficits observed in

diabetic animals. Although it is challenging to dissociate cause and effects relation-

ships, these findings may place impairments in HPA axis function at the center of

the neurological complications of diabetes, including accelerated brain aging.

5 Insulin and the Glutamate System

The emerging literature regarding IR signaling in the hippocampus suggests that

insulin modulates synaptic plasticity via a variety of mechanistic pathways. One

target of IR signaling in the CNS is the glutamate system, a well-recognized

mediator of promoting and maintaining neuroplasticity in the CNS. For example,

insulin elicits surface expression of NMDA receptors (Skeberdis et al. 2001) and

stimulates the phosphorylation of NR2A and NR2B NMDA receptor subunits in

the hippocampus (Christie et al. 1999). Insulin also stimulates the phosphorylation

and endocytosis of GluR2 in hippocampal slice preparations (Ahmadian et al.

2004). These insulin signaling events are PI3-kinase dependent and have been

proposed to contribute to insulin-induced long-term depression (LTD) in hippo-

campal slices (Ahmadian et al. 2004; Huang et al. 2004; van der Heide et al. 2005).

In diabetes phenotypes, IR-glutamate interactions are suppressed and may thereby

contribute to diabetes-mediated deficits in hippocampal synaptic plasticity. For

example, AMPA receptor binding activity (Gagne et al. 1997) and the functional

activities of AMPA receptors (Chabot et al. 1997; Kamal et al. 2006) are reduced in

the hippocampus of STZ diabetic rats. Regarding NMDA receptor expression and

activity, NR2B mRNA and protein are decreased in the hippocampus of STZ rats
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(Di Luca et al. 1999; Gardoni et al. 2002). Moreover, Ca+/CaM-stimulated phos-

phorylation of hippocampal NR2A and NR2B subunits expressed in the post-

synaptic density is reduced in STZ rats. As described above, redistribution and

re-organization of PSD-95 that may be indicative of ongoing synaptogenesis in the

hippocampus of STZ rats (Grillo et al. 2005) may also modulate gluatamatergic

tone by modulating surface expression of glutamate receptors.

Functionally, these transcriptional, translational and post-translational modifi-

cations of glutamate receptors observed in diabetic rodents may adversely affect

synaptic transmission and the electrophysiological properties of hippocampal

neurons. In this regard, T1DM rodents exhibit impairments in hippocampal

LTP and enhancement of LTD (Artola et al. 2005; Biessels et al. 1996; Izumi

et al. 2003; Kamal et al. 1999; Valastro et al. 2002). Electrophysiological studies

in experimental models of T2DM have failed to reach a consensus, with some

studies stating that T2DM animals exhibit deficits in LTP (Gerges et al. 2003)

whereas others have failed to observe electrophysiological changes (Belanger et al.

2004). A potential explanation for these discrepancies is that the physiological

characteristics of the T2DM animals used in these studies may be dissimilar; such

considerations may also be particularly relevant when considering the equivocal

findings from clinical studies that examined structural and functional plasticity in

diabetes patients.

6 Leptin

Ongoing epidemiological studies by the Centers for Disease Control estimate that

more than 60% of the adult US population may be categorized as either overweight

or obese (Ogden et al. 2006). Obesity-related CNS abnormalities may result from

obesity-induced insulin resistance and/or impaired glucose tolerance (Pi-Sunyer

2002; Ronnemaa et al. 1997). An additional consideration in obesity phenotypes is

the potential for increases in plasma levels of adipocyte-derived hormones, such as

leptin. Leptin is synthesized and secreted by adipocytes and is transported across

the blood-brain barrier (BBB) via a saturable transport system (Banks 2004). The

actions of leptin in the hypothalamus are well described, especially in relation to

normal metabolism and in pathophysiological settings such as diabetes and obesity

phenotypes (Woods et al. 1998). In the hippocampus, a growing literature supports

a role for leptin in the facilitation of neuronal structure and function (Harvey 2007).

For example, leptin enhances hippocampal excitability via NMDA receptor-

mediated mechanisms and regulates hippocampal plasticity by converting short-

term potentiation into LTP (Shanley et al. 2001). Confocal immunoflurorescence

analyses also determined that leptin regulates the morphological features of primary

hippocampal cultures, including the motility of dendritic filopodia (O’Malley et al.

2007). These structural and functional enhancements of hippocampal plasticity may

contribute to leptin’s ability to improve hippocampus-dependent behavioral perfor-

mance (Farr et al. 2006; Harvey 2007; Oomura et al. 2006). Conversely, genetic
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mutations that result in disrupted leptin signaling, such as in the db/db mouse and

the Zucker fa/fa rat, are associated with reductions in LTP (Gerges et al. 2003; Li

et al. 2002) and impaired performance of hippocampal-dependent tasks (Li et al.

2002; Winocur et al. 2005). Such results indicate that decreases in leptin signaling

contribute to deficits in hippocampal synaptic plasticity and suggest that leptin

resistance, a well-described phenomenon in the hypothalamus, may also be

observed in the hippocampus in diabetes/obesity phenotypes.

7 Insulin

The insulin receptor (IR) is expressed in discrete neuronal populations in the

CNS, including the hippocampus (Doré et al. 1997; Marks et al. 1991), where it is

proposed to facilitate cognitive function (Park 2001). Insulin improves cognitive

performance in humans and animals in a wide variety of settings, including

healthy subjects (Kopf and Baratti 1994; Park et al. 2000; Parkes and White

2000), aged subjects (Manning et al. 1998; Messier et al. 1997; Winocur and

Gagnon 1998), AD patients (Craft et al. 1999; Manning et al. 1993; Messier and

Gagnon 1996) and in experimental models of insulin resistance (Greenwood and

Winocur 2001). Additionally, behavioral training increases IR expression and

strengthens IR signaling in the hippocampus (Zhao et al. 1999). More recent

studies employing innovative delivery of insulin to the CNS, namely intranasal

insulin treatment, further support the hypothesis that insulin enhances cognitive

performance. For example, chronic intranasal insulin administration improves

cognitive performance in both AD and non-demented individuals (Benedict

et al. 2007a, b; Hallschmid et al. 2008; Reger et al. 2008; Sabayan et al. 2008),

and acute insulin administration has been shown to improve declarative memory

in AD patients (Craft et al. 1996). Moreover, administration of the insulin

sensitizer, rosiglitazone, ameliorates cognitive decline in AD patients (Watson

et al. 2005). These data support the hypothesis that activation of IR signaling

cascades improves cognitive/behavioral performance.

The relationship between IR activity and impaired behavioral performance has

also been examined in experimental models of diabetes (Belanger et al. 2004;

Biessels et al. 1996; Choeiri et al. 2005; Li et al. 2002; Winocur et al. 2005). The

take-home message from these pre-clinical studies is that a variety of factors may

impact the outcome of behavior in diabetic animals, ranging from the physiologi-

cal/pathophysiological characteristics of the animal model to the selection and

analysis of the particular behavioral tests. However, prior studies have illustrated

that insulin replacement reverses diabetes-mediated plasticity deficits in the rat

hippocampus (Biessels et al. 1998; Magariños et al. 2001). More recent studies

revealed that intranasal insulin replacement effectively inhibits structural and

functional deficits in the CNS of STZ mice (Francis et al. 2008). These data suggest

that deficits in insulin signaling are a key mechanistic mediator of diabetes-

mediated neuroplasticity deficits.
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One way to further validate this hypothesis would be to selectively impair IR

signaling in the CNS. In the absence of receptor-specific ligands, recent studies

have utilized molecular approaches to more selectively examine the functional

activities of central insulin receptors in global IR knockout mice (Bruning et al.

2000) and in antisense oligonucleotide-treated rats (Obici et al. 2002). An emerging

technology that provides an alternative to these approaches is virus-mediated gene

transfer (Wilson and Yeomans 2002). Using this approach, we recently developed a

lentivirus vector that contains an antisense sequence selective for the IR (LV-IRAS;

Grillo et al. 2007). Following injections into the third ventricle to target IRs

expressed in the arcuate nucleus, LV-IRAS rats exhibit significant decreases in

IR expression and signaling in the hypothalamus when compared to rats treated

with the control virus (LV-Con). LV-IRAS rats have increased body weight, greater

subcutaneous adiposity and increased plasma leptin levels when compared to

LV-Con rats. These hypothalamus-specific decreases in IR expression do not affect

peripheral glucose metabolism or neuroendocrine responses to stress. While IR

expression and signaling are unchanged in the hippocampus of LV-IRAS rats,

downregulation of hypothalamic IRs elicits changes in the morphological and

electrophysiological properties of hippocampal neurons and also elicits impair-

ments in hippocampus-dependent behaviors. These deficits in hippocampal synap-

tic plasticity are strikingly similar to those observed in age-related disorders and

mood disorders such as depressive illness (Reagan et al. 2008). As such, the use of

the LV-IRAS construct provides a unique and innovative approach to examine how

selective downregulation of IRs in one brain region may impact neuroplasticity

throughout the CNS. Moreover, such an approach may identify common mechan-

isms and pathologies that provide etiological links between neurological co-mor-

bidities observed in diabetes phenotypes.

8 Conclusions

In view of the expanding diabetes/obesity epidemic, the long-term neurological

consequences of diabetes represent a significant threat to the stability of health

care systems around the world. While some may argue that cognitive impairments

are not among the neurological complications of diabetes, the clinical and epi-

demiological data clearly indicate that diabetes patients exhibit cognitive deficits

(Cukierman-Yaffe et al. 2009). One take-home message from our provocative

discussions during this meeting is that it is unlikely that a single factor is responsi-

ble for the neuroplasticity deficits observed in diabetes. It is more probable that a

variety of mechanistic mediators interact in an additive or synergistic fashion to

increase neuronal vulnerability and accelerate brain aging (see Fig. 1). Could these

putative mechanistic mediators ultimately increase the risk of the development of

dementia and AD in diabetes patients? A key step forward would be verification

that these mechanistic mediators serve as biomarkers to identify individuals that
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are susceptible to age-related co-morbidities. Continued integration of clinical,

epidemiological and pre-clinical studies is essential to address this important health

care issue.
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details
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Stress Hormones and Neuroplasticity in the

Diabetic Brain

Alexis M. Stranahan and Mark P. Mattson

Abstract Diabetes is associated with metabolic dysfunction across multiple organ

systems, and the central nervous system is no exception. Neurons in the diabetic

brain exhibit functional alterations that may increase the risk of cognitive decline

and Alzheimer’s disease. Diabetes is associated with changes in the hypothalamic-

pituitary-adrenal (HPA) axis, but the relationship between HPA axis function and

cognitive dysfunction in diabetes is still being elucidated. Here we review evidence

for and against HPA axis dysfunction in diabetes, and its consequences for neuro-

plasticity in the hippocampus, a brain region that mediates certain aspects of

learning and memory. The tripartite relationship between diabetes, HPA axis

alterations, and cognitive impairment will be discussed. The evidence favors a

role for adrenal steroid hormones as central and peripheral mediators of diabetes-

induced cellular dysfunction. In the hippocampus, adrenal corticosteroids may

perturb neurotrophic factor signaling, resulting in impaired neurogenesis, synaptic

plasticity and cognitive function. The adverse effects of diabetes on hippocampal

plasticity may be allayed by exercise and dietary energy restriction.

1 Introduction

Diabetes is a metabolic disorder characterized by deficits in insulin production

(Type 1) or impairment of insulin sensitivity (Type 2). Poorly controlled diabetes

has deleterious consequences for multiple organ systems, including the brain. In

humans, diabetes increases the risk for depression and dementia (Messier 2005;

Greenwood and Winocur 2005). Both Type 1 and Type 2 diabetes are associated

with cognitive deficits, relative to age-matched non-diabetic subjects. Functionally,
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insulin-deficient individuals perform poorly on the Wechsler Abbreviated Intelli-

gence test relative to healthy control subjects (Northam et al. 2009). Insulin

resistant diabetes may have a particularly prominent negative impact on temporal

lobe regions, including the hippocampus. Diabetes was associated with reduced

cerebral blood volume in the dentate gyrus of the hippocampus and entorhinal

cortex (Wu et al. 2008). Diabetes reduces hippocampal volume, and this structural

alteration is associated with impaired performance in behavioral tests of hippocam-

pal function (Convit et al. 2003; Gold et al. 2007; den Heijer et al. 2003; Korf et al.

2006; but see Burns et al. 2007). Overall, the human data support the idea that

diabetes is associated with temporal lobe dysfunction.

2 Deficits in Hippocampal Structure and Function in Rodent

Models of Diabetes

Cognitive deficits have also been documented in rodent models of diabetes. The

best-characterized rodent model of diabetes is the streptozocin (STZ)-treated rat.

STZ specifically targets the beta-cells of the pancreas, resulting in their death,

insulin deficiency and chronically elevated glucose levels. Functionally, STZ-

treated rodents exhibit impaired performance on tests of spatial learning (Biessels

et al. 1996) and object recognition (Stranahan et al. 2008a). Learning involves

changes in the strength of synapses between groups of neurons; strengthening of

synapses during learning is associated with a phenomenon known as long-term

potentiation (LTP). LTP is impaired in both the perforant path input to the dentate

gyrus (Fig. 1; Kamal et al. 1999, Stranahan et al. 2008a) and the Schaffer collateral

input to hippocampal area CA1 (Biessels et al. 1996) in STZ-induced diabetes.

Neurons exhibit changes in their morphology with synaptic activity, particularly

among small, highly motile protrusions known as dendritic spines. In hippocampal

area CA1, the density of spines is reduced following the induction of diabetes with

STZ (Martinez-Tellez et al. 2005). In the hippocampal dentate gyrus, new neurons

are continually generated, and this form of structural plasticity is also impaired in

STZ diabetes (Stranahan et al. 2008a; Zhang et al. 2008; Revsin et al. 2009).

Overall, it is clear that untreated insulin-deficient diabetes leads to changes in

neuronal structure and function in the hippocampus.

Similar deficits have been reported in leptin-deficient and leptin receptor-

deficient rodents. The leptin-deficient mouse (ob/ob), along with leptin receptor-

deficient mice (db/db) and rats (Zucker), are the most commonly used models for

insulin-resistant diabetes. Functionally, db/db mice and Zucker rats perform poorly

on tests of hippocampus-dependent memory (Stranahan et al. 2008a; Winocur et al.

2005; Li et al. 2002; but see Bélanger et al. 2004). At the synaptic level, db/dbmice

exhibit LTP impairment at perforant path synapses in the dentate gyrus (Fig. 1;

Stranahan et al. 2008a) and Schaffer collateral synapses in hippocampal area CA1

(Li et al. 2002). In contrast, Zucker rats show LTP impairment in the CA1 subfield
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Fig. 1 Deficits in perforant path synaptic plasticity are reversed when normal levels of corticoste-

rone are maintained under pharmacological conditions that activate both new and mature dentate

gyrus granule neurons. (a) Time course of granule cell maturation during adult neurogenesis.

Initially, the inhibitory neurotransmitter GABA is excitatory in newly generated neurons (Ge et al.

2006). As the neuron matures and begins to make synaptic contacts, the cell switches from

GABAergic excitation to glutamatergic excitation. (b) In db/db mice, medial perforant path

LTP is impaired under recording conditions that permit activation of new and mature neurons.

Adrenalectomy (Adx) and low-dose corticosterone (cort) replacement reverse this deficit. (c) The

GABA A antagonist picrotoxin blocks GABAergic excitation on new neurons (Saxe et al. 2006;

Stranahan et al. 2008a). Under this pharmacological condition, which restricts activation to mature

neurons, glucocorticoids mediate the impairment of medial perforant path synaptic plasticity in

db/db mice. (d) Medial perforant path LTP was impaired in insulin-deficient STZ-diabetic rats

under recording conditions that activate new and mature neurons. This deficit was preventable by

maintaining normal physiological levels of corticosterone. (e) Under recording conditions that

restrict activation to mature neurons, STZ diabetes was again associated with deficits in synaptic

plasticity that were reversible by lowering corticosterone levels
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of the hippocampus (Gerges et al. 2003; Alzoubi et al. 2005; but see Bélanger et al.

2004) without detectable impairment in the dentate gyrus (Alzoubi et al. 2005).

Structurally, db/db mice show reduced dendritic spine density in the hippocam-

pal dentate gyrus (Stranahan et al. 2009). Both db/db mice and Zucker rats show

reduced levels of adult neurogenesis in the dentate gyrus (Stranahan et al. 2008a;

Hwang et al. 2008). Levels of dendritic spine density (Stranahan et al. 2008c) and

adult neurogenesis (Lindqvist et al. 2006) are also reduced in rats with diet-induced

insulin resistance and obesity. Because parallel observations have been reported in

human subjects with either Type 1 or Type 2 diabetes, and in animal models of both

types of diabetes, it is unlikely that global changes in insulin levels are directly

responsible for impaired hippocampal plasticity.

3 Diabetes and the HPA Axis

What is the peripheral metabolic relationship between changes in insulin, glucose,

and glucocorticoids? Changes in glucocorticoid signaling contribute to hypergly-

cemia in diabetes. Specifically, restricting glucocorticoid signaling normalizes

fasting glucose levels in insulin-resistant Zucker rats (Watts et al. 2005) and db/db
mice (Stranahan et al. 2008a). In contrast with effects on fasting glucose levels,

there was no change in postprandial glucose concentrations following adrenalec-

tomy and low-dose corticosterone replacement in the ob/obmouse model of insulin

resistance (Tokuyama and Himms–Hagen 1987). Similarly, there was no effect of

interference with glucocorticoid receptor signaling on postprandial glucose levels

in Zucker rats (Langley and York 1990). Overall, these studies indicate that

interference with glucocorticoid signaling regulates fasting but not fed glucose

levels in rodent models of Type 2 diabetes.

How do glucocorticoids and diabetes interact in the hippocampus? Studies in

rodent models support the idea that exposure to chronically elevated glucocorti-

coids mediates deficits in cognition following psychological stress (Oitzl et al.

1998; Wright et al. 2006). Long-term exposure to stress levels of glucocorticoids

also impairs synaptic plasticity (Alfarez et al. 2003; Kerr et al. 1989; Korz and Frey

2003; Pavlides et al. 1993). Structurally, prolonged stress decreases hippocampal

dendritic spine and synapse density (Hajszan et al. 2009) and impairs hippocampal

neurogenesis (Gould et al. 1997), opening the possibility that diabetes-induced

elevations in glucocorticoids may mediate impairments in hippocampal plasticity.

In humans, poor glycemic control is associated with hyperactivation of the HPA

axis, leading to elevated levels of circulating cortisol (Bruehl et al. 2007). Levels of

adrenal glucocorticoids are also increased in rodents with experimental diabetes

(Stranahan et al. 2008a; Magariños and McEwen 2001; Shimomura et al. 1987).

Because elevated glucocorticoids are thought to contribute to cognitive impairment

following psychological stress (Oei et al. 2006), aging (MacLullich et al. 2005), and

in Alzheimer’s disease (AD; Elgh et al. 2006), changes in glucocorticoid produc-

tion may be relevant for cognitive dysfunction in diabetes.
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4 Effect of Diabetes on Hippocampal Structure and Function:

A Role for Glucocorticoids

Diabetes exerts deleterious effects on the brain that may be mediated in part by

chronic hyperglycemia and deficient insulin signaling. Emerging evidence suggests

that adrenal steroid hormones also contribute to deficits in neurogenesis, synaptic

plasticity, and cognition. In rodent models, adrenalectomy and low-dose cortico-

sterone replacement reverse the impairment of learning and memory in both

insulin-deficient and insulin-resistant animals. Restoring normal physiological

levels of corticosterone also prevents deficits in synaptic plasticity and adult

hippocampal neurogenesis. In terms of the cellular interaction between adult

neurogenesis and synaptic plasticity, both newly generated neurons and pre-

existing, mature dentate gyrus granule neurons respond to diabetes with impaired

synaptic plasticity (Fig. 1). Lowering corticosterone levels ameliorates LTP deficits

in both neuronal populations (Stranahan et al. 2008a).

Prolonged exposure to elevated levels of glucocorticoids (corticosterone in

rodents and cortisol in humans) has a negative impact on learning in non-diabetic

rodents (Wright et al. 2006) and humans (Grillon et al. 2004). Because there have

been reports of cognitive and synaptic deficits in both insulin-resistant and insulin-

deficient diabetes models, it is likely that global changes in insulin levels do not

account for these effects. Moreover, levels of insulin and glucose in the hippocam-

pus have not been shown to change with insulin deficiency or insulin resistance

(Stranahan et al. 2008a). This evidence does not support a role for local changes in

insulin and glucose levels as mediators of diabetes-induced cognitive deficits.

However, the absence of local changes in the concentration of glucose and insulin

levels in the hippocampus does not preclude changes in the expression of glucose

and insulin receptors. Diabetes is associated with changes in the expression

of glucose transporters (Reagan et al. 2001) and insulin signaling transcripts

(Clodfelder-Miller et al. 2005) in the hippocampus. It is intriguing to consider the

possibility that changes in insulin signaling and glucose transporter expression in

the diabetic brain may be secondary to changes in corticosterone levels (Fig. 2).

The effects of insulin on cognition are opposite to the effects of prolonged

corticosterone administration. Exposure to elevated corticosterone levels reduces

translocation of the insulin-sensitive glucose transporter GLUT4 in the hippocam-

pus of rats (Piroli et al. 2007). Intrahippocampal insulin administration (Moosavi

et al. 2007) or pharmacological activation of insulin signaling pathways (Revest

et al. 2005) protects against stress-induced deficits in learning and memory, sug-

gesting that the suppressive effects of diabetes on hippocampal function may be

attributable to an interaction between elevated glucocorticoids and insulin receptor

signaling.

Restoring normal physiological levels of corticosterone in diabetes also reverses

impairments on tasks that activate new and mature neurons differently. Although

performance in the water maze is unaffected following pharmacological inhibi-

tion of new neuron production (Shors et al. 2002), genetic inhibition of adult
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neurogenesis leads to deficits in this task (Zhang et al. 2008). Similarly, recognition

memory was impaired following genetic ablation of adult neurogenesis (Jessberger

et al. 2009) but unaffected following focal cranial irradiation (Saxe et al., 2006).

While the contribution of adult-generated neurons to learning and memory is still

being elucidated, the therapeutically relevant question is whether new neurons can

influence cognition in disease models, such as diabetes. It is apparent that, in

diabetes models, both newly generated neurons and pre-existing mature neurons

exhibit dynamic regulation of synaptic plasticity by glucocorticoids.

5 Diabetes and Elevated Glucocorticoids in Human Cognition

Studies in humans also suggest that diabetes adversely affects learning and mem-

ory. However, not all aspects of cognition are equally affected by diabetes. Diabetic

individuals show impairments on tasks that require episodic memory, whereas

Fig. 2 Model for molecular changes and biological processes disrupted by HPA axis hormones in

diabetes. Type 2 diabetes is associated with increased corticotrophin-releasing factor concentra-

tions and alterations in corticotrophin-releasing factor receptor expression (Jöhren et al. 2007).

Stress increases tau phosphorylation through corticotrophin-releasing factor-mediated activation

of glycogen synthase kinase 3-beta (Rissman et al. 2007). Abnormal accumulation of tau may lead

to loss of spines and synapses (Thies and Mandelkow 2007). Diabetes is also associated with

increases in circulating corticosterone levels (Stranahan et al. 2008a, b). Exposure to elevated

corticosterone levels (Gould et al. 1992) and corticotrophin-releasing factor receptor activation

(Alonso et al. 2004) both impair adult neurogenesis. Similarly, glucocorticoid-mediated down-

regulation of insulin receptor expression could also disrupt adult neurogenesis. Downstream of

glucocorticoid-mediated changes in insulin receptor expression is the reduced activation of pro-

survival pathways, which could contribute both to the impairment of adult neurogenesis and

reductions in synaptic plasticity
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attention and language faculties are unaffected (Messier 2005). Because episodic

memory recruits temporal lobe structures, whereas attention and language involve

other cortical and prefrontal regions, these data can be interpreted to suggest a

particular vulnerability of the hippocampus and associated cortical regions to the

adverse consequences of metabolic impairment in diabetes.

Additional studies have begun to elucidate the role of glucocorticoid signaling in

cognitive deficits in diabetic humans. Specifically, inhibition of the enzyme 11–b–
hydroxysteroid dehydrogenase 1 (11bHSD1), which locally regulates glucocorti-

coid actions in the hippocampus by reactivating cortisol from inactive cortisone,

reverses cognitive deficits in humans with insulin-resistant diabetes (Sandeep et al.

2005). The specific nature of cognitive impairment in diabetes, and the observation

of improved cognition following treatments that limit the actions of cortisol,

indicates that elevated cortisol levels may also contribute to the impairment of

hippocampal function in humans.

6 Interventions that Attenuate Diabetes also Reverse Central

Diabetic Encephalopathy

Diabetes induces a neurodegenerative behavioral phenotype that is reminiscent of

aging and AD (Sandeep et al. 2004; Biessels et al. 1996; Li et al. 2002; Stranahan

et al. 2008a; Martı́nez-Tellez et al. 2005; Zhou et al. 2007; Winocur et al. 2005).

Recently, we demonstrated that attenuation of the peripheral metabolic character-

istics of insulin resistance also restores hippocampal neurotrophin levels and

dendritic spine density. db/db mice exhibit reduced dendritic spine density,

an effect that is partially mitigated following exercise and dietary restriction

(Stranahan et al. 2009). These structural findings may be related to hippocampal

function, based on the extensive literature linking plasticity among spines and

synapses with hippocampus-dependent memory (Leuner and Shors 2004).

While previous studies have shown reductions in hippocampal spine and syn-

apse density in insulin-deficient diabetes (Martı́nez-Tellez et al. 2005; Zhou et al.

2007), fewer studies have addressed the possibility of similar changes in insulin-

resistant diabetes. One study reported deficits in presynaptic marker expression in

whole-hippocampal homogenates from db/db and ob/ob mice (Ahima et al. 1999).

Using a diet-induced insulin resistance model, we have observed reduced dendritic

spine density and impaired LTP in the hippocampal CA1 subfield (Stranahan et al.

2008c). However, no studies had previously investigated changes in dentate gyrus

granule neuron morphology in insulin resistance.

Brain-derived neurotrophic factor (BDNF) is a pleiotropic growth factor

that contributes to neuronal survival, differentiation, and synaptic integration.

Emerging data suggest that BDNF also influences cellular energy metabolism

(Burkhalter et al. 2003; Yeo et al. 2004). The coincident roles of BDNF in cellular

metabolism and synaptogenesis led us to investigate the regulation of BDNF
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protein levels and dendritic spine density in db/db mice, which have deficient

metabolic function. We chose to investigate the dentate gyrus of the hippocampus

because BDNF is particularly abundant in the dentate gyrus, relative to the CA1

subfield (Friedman et al. 1991). To follow up on our observation of reduced

BDNF and loss of dendritic spines in db/db mice, and to model potential human

interventions, we assessed the consequences of voluntary wheel running and

caloric restriction. These manipulations enhanced dendritic spine density and

hippocampal BDNF expression in wild type mice and partially reversed abnorm-

alities in db/dbmice. These findings suggest that the adverse effects of diabetes on

hippocampal structural plasticity can be ameliorated by increasing energy expen-

diture and decreasing energy intake.

7 Brain-derived Neurotrophic Factor and Diabetes

Voluntary wheel running and caloric restriction, which have anti-diabetic effects,

also increase levels of BDNF in the hippocampus (Mattson et al. 2004a, b; Neeper

et al. 1996; Ding et al. 2006). Emerging evidence suggests that the enhancement of

metabolic efficiency is not unique to peripheral tissues and may occur also in the

brain (Vaynman et al. 2006; Gomez-Pinilla et al. 2008). This “metabotrophic

hypothesis” for the effects of exercise and caloric restriction on hippocampal

structure and biochemistry has potential relevance for the treatment and prevention

of neurodegenerative disease.

The effects of diabetes on neuronal structure in the hippocampus are qualita-

tively similar to the consequences of restricting BDNF signaling. Hippocampal

BDNF levels fluctuate in an inverse relationship with fasting glucose levels

(Anson et al. 2003; Duan et al. 2003). BDNF hetereozygous knockout mice are

obese and insulin resistant (Duan et al. 2003), and this phenotype extends to the

reported case of a mutation in the gene coding for BDNF in humans (Gray et al.

2006). In the dentate gyrus, intact BDNF signaling is a prerequisite for the actions

of antidepressants, suggestive of a role in anxiety and mood regulation (Adachi

et al. 2008). This finding indicates that correlated alterations in dentate gyrus

BDNF signaling and neuronal structure may be associated with the changes

in anxiety-like behavior that have been reported in rodent models of insulin

resistance (Asakawa et al. 2003).

Intracerebroventricular infusion of BDNF enhances peripheral glucose sensitiv-

ity in db/db mice (Nakagawa et al. 2000), opening the possibility that increases in

central BDNF could be related to reduced fasting glucose levels in serum. However,

based on the data thus far, we cannot conclude that changes in BDNF are driving

changes in peripheral metabolic markers and central dendritic spines, or vice versa.

An alternative hypothesis would suggest that alterations in the cerebral vasculature

could be driving diabetes-induced changes in spines, and alterations in BDNF could

be unrelated to dendritic alterations. Future studies will be needed to determine the

64 A.M. Stranahan and M.P. Mattson



contributions of changes in hippocampal BDNF levels to alterations in dendritic

spine density in db/db mice.

8 Stress, Diabetes, and AD Pathology

Prolonged administration of stress levels of corticosterone increases Abeta and tau

pathology in a triple-transgenic mouse model of AD (Green et al. 2006). Social

isolation stress also exacerbates Abeta deposition in Tg2576 mice (Dong et al.

2008). In non-human primates, glucocorticoid treatment reduces levels of insulin-

degrading enzyme, which clears Abeta from the brain (Kulstadt et al. 2005). Stress

is sufficient to increase tau phosphorylation (Stein-Behrens et al. 1994; Rissman

et al. 2007), and this effect of stress may occur as the result of glucocorticoid-

dependent and glucocorticoid-independent mechanisms. The stress-induced

increase in phospho-tau is mediated in part by corticotrophin-releasing factor

(CRF). Stress-induced elevations in amyloid beta in Tg2576 were also dependent

on the actions of CRF rather than corticosterone (Kang et al. 2007).

STZ-induced diabetes is associated with hyperphosphorylation of tau (Planel

et al. 2007). Diet-induced insulin resistance exacerbates Abeta pathology in the

brains of Tg2576 mice (Ho et al. 2004). However, obesity and insulin resistance are

not sufficient to cause AD pathology (Moroz et al. 2008). No studies to date have

addressed the possibility that diabetes-induced increases in tau phosphorylation

might be dependent on the actions of corticosterone or CRF.

It should be noted that exercise and caloric restriction, which have antidiabetic

effects, also attenuate pathology in AD models. Caloric restriction ameliorates

hippocampus-dependent learning deficits and reduces Abeta accumulation and tau

phosphorylation in a triple-transgenic mouse model of AD (Halagappa et al. 2007).

Similarly, voluntary wheel running attenuates cognitive deficits and reduces Abeta

accumulation in the TgCRND8 mouse model of AD (Adlard et al. 2005). Both

exercise and caloric restriction enhance levels of BDNF in the hippocampus

(Mattson et al. 2004a, b; Neeper et al. 1996; Ding et al. 2006). Levels of hippocam-

pal BDNF are reduced in humans with AD (Phillips et al. 1991), raising the

possibility that exercise and caloric restriction might exert protective effects by

increasing levels of BDNF. However, the mechanistic relationship between BDNF

and Abeta deposition is as yet unknown.

9 Epidemiology of Diabetes, Stress, and AD in Humans

Diabetes is more frequent among populations with stress-related disorders, such as

depression (Knol et al. 2006). The reverse is also true; among individuals with either

Type 1 or Type 2 diabetes, depression and anxiety are more common (Gendelman

et al. 2009; Collins et al. 2009). Similarly, AD occurs more frequently among

individuals with depression (Geerlings et al. 2008), and symptoms of depression are
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commonly reported amongADpatients (Amieva et al. 2008). Indeed, this relationship

has been upheld at the level of plaque deposition, with individuals suffering from

comorbid AD and depression exhibiting a higher plaque burden (Rapp et al. 2008).

Most studies have supported the association between diabetes and AD (Rönnemaa

et al. 2008; for review see Messier 2005; Greenwood and Winocur 2005). This

relationship was upheld at the level of brain structure, with coincident AD and

insulin resistance leading to greater cortical atrophy (Biessels et al. 2006). Taken

together, diabetes, stress, and AD form an epidemiological triumvirate of interre-

lated processes that are deleterious for brain function.

10 Summary and Conclusion

Diabetes has a negative impact on the structure and function of the temporal lobe.

In humans, diabetes is associated with poor learning and memory and hippocampal

atrophy (Messier et al. 2005; Greenwood and Winocur 2005; Biessels et al. 2006).

Inhibiting the actions of glucocorticoids ameliorates cognitive deficits in diabetic

humans (Sandeep et al. 2005) but it remains to be seen what neuroimaging or

structural correlates might occur in diabetic humans following anti-glucorticoid

treatments. In rodent models, diabetes impairs neuronal function at the behavioral

and synaptic levels, in both the hippocampal dentate gyrus (Kamal et al. 1999;

Stranahan et al. 2008a) and CA1 fields (Biessels et al. 1996; Stranahan et al. 2008c;

Kamal et al. 1999). Structurally, untreated diabetes is associated with reduced den-

dritic spine density in the hippocampal dentate gyrus of genetically insulin-resistant

mice (Stranahan et al. 2009) and in the CA1 subfield of diet-induced insulin-resistant

rats (Stranahan et al. 2008c). The production of newly generated neurons is also

reduced across pharmacological (Zhang et al. 2008; Stranahan et al. 2008a; Revsin

et al. 2009), genetic (Stranahan et al. 2008a; Hwang et al. 2008), and dietary

(Lindqvist et al. 2006) models of insulin resistance and insulin deficiency.

Some of the negative consequences of diabetes are mediated by elevated gluco-

corticoids. Lowering corticosterone levels through adrenalectomy and corticoste-

rone replacement (Stranahan et al. 2008a) or restricting glucocorticoid signaling

through the use of corticosterone receptor antagonists (Revsin et al. 2009) prevents

diabetes-induced alterations in adult neurogenesis in the hippocampus. Maintaining

normal physiological levels of corticosterone also restores synaptic plasticity and

hippocampus-dependent memory (Stranahan et al. 2008a). Peripherally, lowering

corticosterone levels (Stranahan et al. 2008a) or restricting glucocorticoid signaling

(Watts et al. 2005) also attenuates the metabolic sequelae of Type 2 diabetes. Future

studies will be needed to evaluate a possible role for BDNF in these effects.

However, behavioral interventions that restore hippocampal BDNF also attenuate

the loss of dendritic spines on dentate gyrus granule neurons in the brains of Type

2 diabetic mice (Stranahan et al. 2009).

Because the effects of diabetes and AD on the structure and function of the

hippocampus are qualitatively similar, it is possible that they share common
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mechanisms. Molecular targets for the actions of diabetes, elevated HPA axis

hormones, and AD include insulin-degrading enzyme and tau phosphorylation.

It will be exciting to identify novel shared mechanisms and elucidate potential

therapeutics for the prevention of diabetes, depression, and AD.

References

Adachi M, Barrot M, Autry AE, Theobald D, Monteggia LM (2008) Selective loss of brain-

derived neurotrophic factor in the dentate gyrus attenuates antidepressant efficacy. Biol

Psychiat 63:642–649

Adlard PA, Perreau VM, Pop V, Cotman CW (2005) Voluntary exercise decreases amyloid load in

a transgenic model of Alzheimer’s disease. J Neurosci 25:4217–4221

Ahima RS, Bjorbaek C, Osei S, Flier JS (1999) Regulation of neuronal and glial proteins by leptin:

implications for brain development. Endocrinology 140:2755–2762

Alfarez DN, Joels M, Krugers HJ (2003) Chronic unpredictable stress impairs long–term potenti-

ation in rat hippocampal CA1 area and dentate gyrus in vitro. Eur J Neurosci 17:1928–1934

Alonso R, Griebel G, Pavone G, Stemmelin J, Le Fur G, Soubrié P (2004) Blockade of CRF(1) or
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Diabetes and the Brain – An Epidemiologic

Perspective

Lenore J. Launer

Type 2 diabetes (T2D) and cognitive impairment are two of the most common

chronic conditions found in persons 60 years and older. After that age, studies

suggest approximately 18%–20% of older persons have diabetes (Harris et al.

1988), about 19% are mildly cognitively impaired (MCI) in multiple domains

(Lopez et al. 2003), and about 6% of community dwelling individuals have some

dementia (Lobo et al. 2000). The prevalence of MCI and dementia increases with

age as does the prevalence of diabetes; there is also an alarming trend towards a

younger age of diabetes onset (Chaturvedi 2007). Several lines of investigation

suggest a link between diabetes and disorders of cognitive function. Thus, the age-

related trends in diabetes and cognitive disorders indicate there may be an even

greater increase in the number of persons with MCI and dementia, in excess of the

increase that is expected based on the age structure of the population.

1 Brief Description of Evidence Linking Diabetes to Late-age

Cognitive Disorders

The metabolic and hemodynamic profile of diabetes, including co-morbidities such

as hypertension, hyperinsulinemia and obesity, modulate vascular health and neu-

ronal survival through multiple mechanisms. Pathophysiologic mechanisms that

have been identified include inflammation, oxidative stress, energy imbalance,

protein misfolding, glucocorticoid-mediated effects, and differences in gene

expression (Klein and Waxman 2003; Baumbach 1994; Sasaki et al. 1998; Craft

and Watson 2004; Stranahan et al. 2008). More recently several endocrine proteins
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( i.e., angioneurins such as VEGF), have been shown to modify both vascular health

and neuronal survival (Zacchigna et al. 2008). Finally, genetic findings may

identify new pathways contributing to diabetes that may also increase the suscepti-

bility to cerebral disease (Diabetes Genetic Initiative et al. 2007).

The main threat of T2D to brain health is considered to be macrovascular clinical

stroke (Buse et al. 2007). However, there is evidence suggesting diabetes can have a

critical role in the build-up of pervasive and mixed cerebral brain pathology.

Further, there are few population studies (van Harten et al. 2006), that address

questions about the prevalence, incidence, and consequences of T2D on clinically

silent diffuse and focal brain changes in smaller vessels. For example, it is not

known whether changes in the microvasculature of the retina, kidney, and periph-

eral nervous system are also common in the brain. Microvascular damage is of

interest because it is highly prevalent in neuropathologic samples of demented

individuals (Fernando and Ince 2004), and there is good clinical trial evidence that

it can be reduced with intensive glycemic control (ADA/ACCF/AHA 2009).

2 Integrated Community-Based Studies of Diabetes

and the Brain

Despite gaps in our knowledge of the interaction between diabetes and cerebral

disease, existing data are consistent with the hypothesis that diabetic pathologies

lead to both Alzheimer’s disease (AD) type neurodegeneration and vascular dam-

age, and it is the mix of these pathologies that is the anatomical basis for clinical

and sub-clinical cognitive impairment in diabetes. To test this hypothesis, it is

helpful to take an integrated vertical approach based on different measures of brain

structure/function. With this approach, it is possible to check for consistency among

correlated phenotypes or develop new hypotheses based on newly identified asso-

ciations. This approach is taken using findings from the Honolulu Asia Aging Study

(HAAS; White et al. 1996), the Age Gene/Environment Susceptibility – Reykjavik

Study (AGES-Reykjavik Study; Harris et al. 2007), and the Memory in Diabetes

(MIND; Williamson et al. 2007) sub-study embedded in the ACCORD trial (Action

to Control Risk in Diabetes Study Group 2008).

The Honolulu-Asia Aging Study (HAAS) began in 1991 as a continuation of

the Honolulu Heart Program, a population-based longitudinal study of Japanese-

American men born between 1900 and 1919 and living in Oahu, Hawaii, when the

study began in 1965. Participants were seen at three mid-life exams (1965–68,

1968–70, 1971–74), and, as reported here, at four exams in late-life (1991–93,

1994–96, 1997–99; 2001–02); follow-up is on-going. Clinical measurements,

demographic, and medical information were collected at each exam. Starting in

1991, global cognitive function was measured in the total sample and cases of

dementia ascertained. An autopsy study nested within the cohort was also started in

1991; a MRI sub-study of 575 men was performed in 1995–1996. HAAS has

provided valuable insights on the association of diabetes and related risk factors,
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high blood pressure and hyperinsulinemia, to clinical disease and brain pathology.

(Launer et al. 2000; Petrovitch et al. 2000; Havlik et al. 2002; Peila et al. 2004).

AGES-Reykjavik Study is a population-based follow up study of men and

women born 1907–1934 who participated in the Reykjavik Study, established in

1967 by the Icelandic Heart Association. AGES-Reykjavik focuses on studying

environmental and genetic factors contributing to disease in the neurocognitive,

vascular, musculoskeletal, and metabolic systems. From 2002–2006, 5,764 cohort

members were re-examined with state-of-art imaging technology, questionnaires,

and clinical measures. All participants were administered a battery of cognitive

tests of speed, memory and working memory, and all eligible participants under-

went a brain MRI. Retinal photos, which provide a measure of microvessels (Harris

et al. 2007), were also obtained.

In addition to studying the possible physiologic contribution of diabetes to late

age brain pathology, prevention and treatment strategies are needed to reduce the

risk of cognitive impairment in persons with diabetes. To test strategies to reduce

brain changes due to hyperglycemia, hypertension, and dyslipidemia, ACCORD

MIND (Williamson et al. 2007) was designed as a sub-study embedded in the

Action to Control Cardiovascular Risk in Diabetes (ACCORD) clinical trial

(ACCORD Study Group 2008). ACCORD is a randomized controlled trial of

10,251 persons with T2D and a screening A1C (glycaded hemoglobin) of 7.5%

or higher and and who are at high risk for cardiovascular disease. The trial aims to

compare the effect on the rate of macrovascular cardiovascular events of standard

vs. intensive therapeutic strategies to lower A1C (goal <6%), lower systolic BP

(<120 mmHG goal) or increase HDL (double blind placebo trial). The Memory in

Diabetes (MIND) sub-study of ACCORD compares the effect of these interventions

on cognitive function (memory, psychomotor speed, executive and global function)

measured at baseline, 20 and 40 months after randomization in a subset of 2,977

subjects, and structural brain changes measured at baseline and 40 months in 620 of

the MIND sample. At baseline, participating MIND patients were mean age 62 yrs

(range 54–79 yrs old).

3 Cognitive Function

Clinical studies have shown that patients with T2D have impaired neuropsycholo-

gic functioning (Coker and Schumaker 2003). In community-dwelling samples,

compared to normoglycemic persons, those with diabetes have a higher prevalence

of global cognitive impairment (Kalmijn et al. 1995) and a higher incidence of

cognitive decline (Gregg et al. 2000). Several large epidemiologic studies have

reported an association of diabetes with dementia, including AD (Leibson et al.

1997; Luchsinger et al. 2001; Ott et al. 1999). Dementia and global cognitive

dysfunction have been reported in persons with diabetes, but it is still unclear as

to whether there are specific deficits in T2D or what factors may modulate the risk

for cognitive disorders in T2D.
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In the AGES-Reykjavik Study, we recently examined the association of specific

cognitive functions measured by composite scores of memory, processing speed

(PS), and executive function derived from a neuropsychological test battery. Com-

pared to persons with no diabetes, those diagnosed with diabetes had significantly

slower PS than normoglycemics (beta ¼ �0.12; P < 0.05); those with impaired

fasting glucose (IGF) performed similar to normotensive subjects. We found that

the duration of diabetes was an important modulator of risk, and cognitive function

(PS and executive function) declined significantly as duration of diabetes increased

(Saczynski et al. 2008). A finding of interest is that those who were detected as

being diabetic based solely on the fasting glucose level (thus duration is not known)

performed significantly more poorly than normoglycemic subjects in memory and

PS. Genetic susceptibility may also modulate the risk for cognitive disorders in

T2D. In the HAAS (Peila et al. 2002) and the Cardiovascular Health Study (Irie

2008), we found that those with diabetes and carrying the Apolipoprotein E (Apo E)

e4 allele (a genetic susceptibility risk factor for AD) were at higher risk for

dementia than those with no diabetes and no e4 allele, or either one alone. This

interaction between diabetes and Apo E genotype has also been reported for

cognitive outcomes (Kalmijn et al. 1996; Haan et al. 1999).

The vulnerability of the brain to diabetes was further supported in cross-

sectional analyses of data from the ACCORD MIND participants. We found that

variation in cognitive function among the diabetes patients was significantly asso-

ciated with duration of diabetes as well as with baseline A1C levels. In particular,

we found, after adjusting for age, sex, education and depression score, a 1% higher

A1C was associated with a 1.43 (95% CI�0.94 to�1.92; p < 0.0001) lower DSST

score, a 0.14 (95% CI �0.06 to �0.22; p ¼ 0.001) lower MMSE score, and a 0.09

(95% CI –0.01 to �0.17; p ¼ 0.02) lower memory score (Cukierman-Yaffe 2009).

4 Brain Structure

In these large studies, the pattern of cognitive impairment does not seem specific for

T2D, which is consistent with clinical studies. However, they do suggest both

neurodegenerative and vascular lesions contribute to cognitive impairments in

persons with T2D. What is the anatomical basis for poorer performance in persons

with diabetes compared to normoglycemic subjects? Consistent with the findings

on clinical AD, we found in the HAAS autopsy study that those with diabetes and

an Apo E e4 allele, compared to those with neither, had an increased risk for

cerebral amyloid angiopathy (CAA), neuritic plaques, and neurofibrillary tangles,

all common markers in AD (Peila et al. 2002). The CAA risk was particularly high

(6.6 (95% CI 1.5, 29.6), suggesting some synergism between vessel wall integrity

and B-amyloid clearance. Further, we found that, compared to those with no

diabetes, those with diabetes were at increased risk for hippocampal atrophy,

which is frequently seen in AD (Kantarci and Jack 2003), as well as infarcts on

MRI. In the AGES-RS cohort, persons with diabetes were more likely to have a
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single (OR ¼ 1.60; 95% CI 1.27, 2.02) or multiple (OR ¼ 2.51; 95% CI 1.79, 3.52)

cerebral infarct(s).

If hippocampal volumes are smaller, and more infarcts are present in T2D, do

persons with T2D also have more global, diffuse brain disease? Adjusting for

demographic and cardiovascular risk factors, and expressed as the percentage of

tissue volume to intracranial volume, compared to normoglycemic subjects, those

with T2D had significantly lower total brain (72.2% vs 71.5%; p < 0.001) and

white matter volume (and 25.7% vs 25.2%, p < 0.001) and lower gray matter

volumes (45.2% vs 44.7%). Longer duration of T2D was associated with lower

total (multi-variate adjusted p for trend < 0.001), gray (multi-variate adjusted p for

trend ¼ 0.002), and white matter (multi-variate adjusted p for trend < 0.001)

volumes, but not more white matter lesions. Of note, in none of these analyses

were there significant differences between those with diabetes and those with IGF

or 1–6 yrs of diabetes (Saczynski et al. 2009).

Controlling for large and small vessel disease, loss of brain tissue suggests there

may be microvascular damage occurring in the brain. To further address the

question of microvascular disease in older persons with diabetes, we examined

associations of cerebral microbleeds (CMBs) to retinopathy and diabetes. Micro-

bleeds are small hemorrhages in the gray matter detected with the help of a T2*

weighted gradient echo type echo planar MRI sequence. In AGES-Reykjavik,

persons with T2D were more likely to have multiple CMBs than normoglycemic

subjects (14% vs 4%, respectively; adjusted OR 1.58 (1.04–2.39)). A stronger

marker for microvascular disease is the presence of both retinal and cerebral

micro lesions. We found an increased risk for multiple CMBs in the presence

of retinal microvascular disease (arteriol-venous nicking and microaneurysms/

hemorrhages). Persons with T2D and retinal lesions had odds of 2.54 (1.43–4.50)

of having CMBs compared to persons with only T2D and no retinal lesions

(1.48 0.88–2.48; Qiu et al. 2008).

In summary, compared to non-diabetic individuals, the data suggest that those

with diabetes have brain structural changes that reflect neuronal degeneration as

well as vascular damage. Experimental data are needed to articulate mechanisms

(i.e., Stranahan et al. 2008). From an epidemiologic perspective, longitudinal

assessments of macro and micro structural changes will help us to better understand

the trajectory and functional consequences of cerebral pathologic changes in T2D.

A better understanding of the factors that modulate the association of diabetes with

cognitive disorders will help to develop more targeted prevention strategies. For

instance, modulation of risk may come from co-morbidities of diabetes, as has been

reported in studies of the interaction of diabetes and hypertension on brain structure

and function (Elias et al. 1997; Schmidt et al. 2004). The data also suggest that

those with IGF do not have a significantly different risk for brain function and

structure pathology than normoglycemic individuals. However, we do not know

how long people have been in that metabolic state; data strongly suggest that the

longer the duration of diabetes the higher the risk for brain pathology, and this may

be similar for IGF. We also do not know whether subtypes of insulin and glucose

dysregulation are differently related to cerebral disease. Additional areas of interest
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to further investigate include pathophysiology of diabetes and the brain, genetic

contributions to the associations of diabetes and brain, and the clinical and func-

tional consequences of diabetes.
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Cognition in Type 2 Diabetes: Brain Imaging

Correlates and Vascular and Metabolic Risk

Factors

Geert Jan Biessels

Abstract Patients with type 2 diabetes (DM2) manifest cognitive dysfunction

relative to individuals without DM2. The domains of psychomotor efficiency,

executive function, and learning and memory are most often affected, with the

size of the effects varying from 0.3 to 1.0 standard deviation units in cross-sectional

studies. These modest decrements in cognitive functioning appear to be due to a

modest decrease in cognitive performance across the whole patient group, rather

than a large deficit among a few individuals. Some individuals, however, do

progress to more profound stages of cognitive impairment; longitudinal population

based studies identify DM2 as a risk factor of aging-related cognitive decline and

dementia.

Structural brain imaging studies in older adults with DM2 show that cerebral

atrophy is relatively more pronounced and that lacunar infarcts are more common,

relative to people without DM2. The association between DM2 and white matter

hyperintensities has been a topic of some controversy, but analyses with sensitive

volumetric techniques show a modest increase in lesion load.

Studies on risk factors for cognitive decrements and abnormalities on brain

imaging in DM2 have mostly been performed in non-demented individuals. Thus

far, the majority of these studies are cross-sectional. Currently available studies

indicate that atherosclerotic disease, cerebrovascular or other, may be an important

determinant of cognitive decrements in DM2. There may also be associations with

worse glycemic control, microvascular complications, hyperinsulinemia and hyper-

tension. Longitudinal observational studies, and ultimately intervention studies,

are required to fully appreciate the relevance of these risk factors for cognitive

dysfunction in DM2.
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1 Introduction

People with diabetes mellitus type 2 (DM2) are at increased risk of cognitive

dysfunction. This review addresses the nature and severity of the cognitive decre-

ments that occur in association with DM2, brain imaging correlates and metabolic

and vascular risk factors.

A key message is that, to better understand risk factors for dementia and

cognitive decline in DM2, the dynamics of these conditions need to be appreciated.

Both the transition from normal cognition to dementia and the transition from

normal glucose tolerance to DM2 are continuous, multifactorial processes. Early

abnormalities in cognition do not necessarily lead to dementia and early abnormal-

ities in glucose metabolism do not necessarily lead to DM2. Age affects cognition

and modifies the levels of metabolic and vascular risk factors. Therefore, possible

determinants of subtle cognitive decrements in DM2 or pre-DM stages in midlife are

not necessarily the same factors that predispose individuals with DM2 to dementia

later in life. The challenge will be to identify modifiable risk factors for cognitive

problems that matter and to identify individuals at risk for accelerated cognitive

decline when cognition is still largely intact in order to take preventive measures.

2 Defining Cognitive Dysfunction

DM2-related cognitive dysfunction cannot be regarded as a single condition and

therefore cannot be described by a single definition. On one end of the spectrum,

there is frank dementia and, on the other, subtle cognitive decrements. Both ends of

this spectrum are bridged by intermediate stages of cognitive impairment.

Subtle cognitive decrements can be detected with sensitive neuropsychological

tests. These subtle decrements may not even lead to complaints and generally have

no significant impact on day-to-day functioning. In the general population, such

decrements are more common in older individuals and may be considered to reflect

“normal cognitive aging.” While not all patients with subtle decrements or more

pronounced impairments progress to dementia, dementia is always preceded by

intermediate stages of cognitive impairment. In fact, the threshold where “pre-

dementia stages” become “dementia” is quite arbitrary, and it has been argued that

to make progress in dementia care and research it is time to shift the focus from

defining thresholds to considering cognitive impairment as a continuum (Hachinski

2008).

Dementia is not a clinical entity but rather a syndrome caused by various

underlying diseases, each characterized by a specific constellation of signs and

symptoms in combination with a presumed underlying pathology, the most com-

mon of which are Alzheimer’s type pathology and vascular damage (van der Flier

and Scheltens 2005). In fact, particularly in the oldest old, the majority of affected

individuals have mixed pathology (Schneider et al. 2007).
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3 Defining Diabetes

Current definitions of diabetes are based on cut-off values for blood glucose levels

(i.e., fasting plasma glucose �7.0 mmol/l; American Diabetes Association 2005).

The use of such cut-off values creates a dichotomy that is to some extent arbitrary,

particularly for DM2. When it comes to potential cerebral complications of DM2, it

is important to emphasize that DM2 is preceded by “pre-DM stages” that entail

insulin resistance and abnormal glucose levels that fail to reach the cut-off values

for a diagnosis of DM. In these pre-DM stages, glucose dysmetabolism is already

clustered with vascular risk factors such as hypertension, dyslipidemia and obesity,

also referred to as the metabolic syndrome. These risk factors may also affect the

brain, and it is unlikely that adverse effects of DM2 and its preceding stages on the

brain only start to evolve once glucose values cross the DM threshold. In this

respect, it may be more appropriate to consider levels of glucose dysmetabolism

and related risk factors as a continuum.

4 Cognition and Dementia in DM2 and Pre-diabetic Stages

A large number of studies have addressed cognition in non-demented individuals

with DM2 (for reviews, see Allen et al. 2004; Awad et al. 2004; van den Berg et al.

2009). Studies on intermediate stages of glucose dysmetabolism or pre-DM stages

are somewhat scarcer (Awad et al. 2004; van den Berg et al. 2009), but studies on

vascular risk factors related to DM2, such as hypertension, are abundant (Review

van den Berg et al. 2009).

Cross-sectional studies in non-demented individuals with DM2 report cognitive

decrements, particularly on psychomotor efficiency, executive function, and learn-

ing and memory skills, relative to controls without DM (for systematic reviews, see

Awad et al. 2004; Stewart and Liolitsa 1999). For those who are more than 65 years

of age, effect sizes range from 0.4 to 1.0 standard deviation units (Awad et al. 2004;

Stewart and Liolitsa 1999). Somewhat smaller effect sizes (<0.5) are found in

relatively younger adults with DM2 (<60 years of age; Awad et al. 2004; Stewart

and Liolitsa 1999). Cross-sectional psychometric studies in pre-DM stages, such as

impaired glucose tolerance, generally report effect sizes relative to controls that are

equal or slightly smaller than those observed in individuals with DM2 (for review,

see van den Berg et al. 2009). Studies on vascular risk factors related to DM2, in

particular hypertension and to a lesser extent dyslipidemia and obesity, also report

cognitive decrements relative to individuals without these risk factors (van den

Berg et al. 2009).

Our research group has now applied a standardized neuropsychological testing

protocol in several study populations with different stages of (pre-)DM (Brands

et al. 2007; Ruis et al. 2009; van den Berg et al. 2008). We observed modest

cognitive decrements, in particular on information processing speed, executive
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functioning and memory, in individuals with the metabolic syndrome without

DM2 (effect sizes �0.3 relative to age, sex, and premorbid intelligence matched

controls; van den Berg et al. 2008), in individuals with screening-detected DM2 of

2 years duration (effect sizes �0.2; Ruis et al. 2009), or 5–10 years duration

(effect sizes �0.3), and in individuals with 10 years duration of DM2, diagnosed

in regular care (effect sizes �0.3; Brands et al. 2007). The overall picture that

emerges from these studies is that the decrements are present in early (pre-)DM

stages and show limited progression with increasing DM duration. We have

recently confirmed this finding in a longitudinal study, with 4 years follow-up,

in which we observed no accelerated decline in the well-controlled DM2 group

relative to controls (manuscript in preparation). These observations are in line

with other longitudinal studies on cognition in non-demented individuals with

DM2. Although some of these studies do show accelerated cognitive decline in

DM2 patients (Fontbonne et al. 2001; Gregg et al. 2000; Kanaya et al. 2004), the

magnitude of the effect of DM2 on top of that of “normal aging” is at most 50%

(Fontbonne et al. 2001; Gregg et al. 2000; Kanaya et al. 2004). Hence, the effect

size of the decrement relative to controls observed in these studies increased only

slightly over time.

This result does not imply, however, that cognitive decrements that are asso-

ciated with DM2 always have a benign nature. In longitudinal studies of aging-

related cognitive decline, patients with DM2 are clearly overrepresented in the

subgroup of individuals with frank decline. The same studies that report modest

effects of DM2 in the normal range of cognitive decline report increased odds for

major cognitive decline in individuals with DM2 (Gregg et al. 2000; Kanaya et al.

2004). Moreover, in a systematic review of longitudinal population-based studies,

we have shown that the incidence of dementia in DM patients was increased by

50% to 100% relative to non-DM individuals (Biessels et al. 2006). This increased

risk involved both Alzheimer’s disease (AD) and vascular dementia, with a �50%

to 100% increased risk of AD and a �100% increased risk of vascular dementia

(Biessels et al. 2006). Nevertheless, the exact relation between DM and these

dementia subtypes is still uncertain. A key issue is the reliability of clinical

diagnostic criteria for the underlying pathology (i.e., AD-type or vascular).

While autopsy studies thus far have observed no association between DM and

AD-type pathology (Alafuzoff et al. 2008; Arvanitakis et al. 2006a; Schnaider

Beeri M. et al. 2005), they do show that the vascular lesion load is increased in

older individuals with DM with or without dementia (Arvanitakis et al. 2006a;

Sonnen et al. 2009).

There are still relatively few epidemiological studies on the risk of dementia

associated with pre-DM stages. Still, impaired glucose tolerance (Curb et al. 1999;

Xu et al. 2007), hyperinsulinemia (Luchsinger et al. 2004; Muller et al. 2007; Peila

et al. 2004) and the metabolic syndrome (Raffaitin et al. 2009; Razay et al. 2007)

have all been linked to increased dementia risk, although the results are not always

consistent across studies. In addition, vascular risk factors related to DM2, includ-

ing hypertension, dyslipidemia and obesity, also have all been related to an

increased dementia risk (for review, see Kloppenborg et al. 2008).
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5 Brain Imaging in DM2

Aging-related changes on brain imaging include focal and global atrophy and

vascular lesions, in particular infarcts, white-matter hyperintensities (WMHs) and

(micro)hemorrhages. Both atrophy and vascular lesions are related to accelerated

cognitive decline and an increased dementia risk, although this relation is subject to

considerable inter-individual variation.

The majority of brain imaging studies in DM2 are cross-sectional and predomi-

nantly involve individuals without frank cognitive impairments (for review, see

van Harten et al. 2006). These studies consistently report modest degrees of global

atrophy relative to controls (for reviews, see Jongen and Biessels 2008; van Harten

et al. 2006). DM2 is also associated with reduced hippocampal and/or amygdalar

volumes on MRI (den Heijer et al. 2003; Korf et al. 2006; Korf et al. 2007), but it is

not yet clear whether atrophy of these temporal lobe structures is out of proportion

to atrophy elsewhere in the brain. The prevalence and incidence of lacunar infarcts

are also increased by a factor 1.5 to 2 (for systematic review, see van Harten et al.

2006). The relationship between DM2 and WMHs has long been subject to debate.

Several large population-based studies did not observe a significant association

between DM2 and WMHs (for systematic review, see van Harten et al. 2006), but

these results may be affected by the use of relatively crude WMH rating scales.

Recent case-control studies that applied a more refined WMH rating scale or

volumetric measurements reported a modest increase in WMH severity in patients

with DM2 (Jongen and Biessels 2008; van Harten et al. 2007), and there are now

clear indications that DM2 is a risk factor for WMH progression (Gouw et al. 2008).

6 Risk Factors for Impaired Cognition and Brain Imaging

Abnormalities in DM2

Possible risk factors for impaired cognition and brain imaging abnormalities in

DM2 include demographic, socioeconomic or lifestyle factors, DM-specific factors

(e.g., hyperglycemia), factors that are linked to DM but that are not specific to DM

(e.g., hypertension, dyslipidemia, stroke, depression), factors related toDM treatment,

and genetic factors. Because the brain may already be affected in pre-DM stages,

factors associated with the pre-DM conditions should obviously be considered.

Unfortunately, there is still considerable uncertainty regarding the main risk

factors for cognitive decrements in DM2, due to the fact that these factors have been

addressed in a limited number of studies. These studies have mostly been cross-

sectional and have addressed determinants of cognition and brain MRI findings

predominantly in individuals without frank impairments of cognition. It is as yet

unclear whether risk factors for relative cognitive decrements in this patient popu-

lation are predictors for frank cognitive decline. In addition, levels of risk factors

and their relation with cognition may change over time, possibly as a result of

aging, although there are also indications that the dementia process itself is
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associated with changes in risk factor levels (for reviews, see Kloppenborg et al.

2008; Qiu et al. 2005).

Currently available studies show an association between elevated A1C or blood

glucose levels and impaired cognition (Gallacher et al. 2005; Kanaya et al. 2004;

Manschot et al. 2006; Reaven et al. 1990), DM duration (Bruce et al. 2008b; Elias

et al. 1997), a history of macrovascular disease (Bruce et al. 2008b; Manschot et al.

2006; Umegaki et al. 2007), microalbuminuria (Bruce et al. 2008a), smoking

(Arvanitakis et al. 2006b), hypertension (Elias et al. 1997), and hypoglycaemic

episodes (Whitmer et al. 2009), although observations are not always consistent

across studies.

7 Conclusion

DM2 and pre-DM stages are associated with dementia and pre-dementia stages.

Imaging studies show association with vascular lesions and brain atrophy. A key

message of this review is that the dynamics of the development of DM2 and those

of dementia need to be appreciated to identify the determinants and to understand

the mechanisms of DM2-associated cerebral complications.

To unravel the complex relation between DM2 and frank impairments of

cognition, several questions still need to be answered. Is DM2 itself, or the context

in which it develops, the driving factor for the increased dementia risk? Should the

subtle cognitive decrements that are associated with DM2, but do not appear to

progress rapidly over time, be regarded as pre-dementia stages? If not, what do

studies on imaging correlates and risk factors for these subtle cognitive decrements

tell us about determinants for frank cognitive decline in DM? Answering these

questions is not trivial. DM2 and DM2-related vascular risk factors are extremely

common and have a substantial impact on the overall risk of dementia at the

population level. Better understanding of the nature of the relation between these

factors and dementia is a key step in the development of preventive measures. The

challenges will be to identify modifiable risk factors for clinically relevant cogni-

tive deficits, to identify individuals at risk of accelerated cognitive decline when

cognition is still largely intact, and to develop preventive measures. These goals

will require large longitudinal observational studies and, ultimately, intervention

studies. Fortunately, several such studies are well underway.
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The Relationship Between the Continuum of

Elevated Adiposity, Hyperinsulinemia, and Type

2 Diabetes and Late-onset Alzheimer’s Disease:

An Epidemiological Perspective

José A. Luchsinger

Abstract This manuscript provides a comprehensive review of the epidemiologic

evidence linking the continuum of elevated adiposity, hyperinsulinemia, and type 2

diabetes (T2D) with late-onset Alzheimer’s disease (LOAD). The mechanisms

relating this continuum to LOAD may be vascular and non-vascular. Elevated

adiposity in middle age is related to a higher risk of LOAD but the data on this

association in old age are conflicting. Several studies have shown that hyperinsu-

linemia, a consequence of higher adiposity and insulin resistance, is also related to a

higher risk of LOAD. Studies have consistently shown a relationship between T2D

and higher LOAD risk. A large proportion of the world population may be at

increased risk of LOAD, given the trends for increasing prevalence of overweight,

obesity, hyperinsulinemia, and T2D. However, these associations may present a

unique opportunity for prevention and treatment of LOAD. Several studies in the

prevention and treatment of T2D are currently conducting or have planned cogni-

tion ancillary studies. In addition, clinical trials using insulin sensitizers in the

treatment or prevention of LOAD are under way.

1 Introduction

Late-onset Alzheimer’s disease (LOAD) is the most common form of dementia,

accounting for between 70% and over 90% of all cases (Ritchie and Lovestone

2002), and its prevalence is expected to quadruple by the year 2047 in the United

States (Brookmeyer et al. 1998). As much as 50% of the population aged 85 years

and older, the fastest growing segment of the population, may have LOAD (Evans
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et al. 1989). The risk factors for LOAD can be classified as genetic and non-genetic.

Three genes have been identified in familial early-onset AD: amyloid precursor

protein (APP), presenilin 1, and presenilin 2 (Selkoe 1997). These genes affect less

than 5% of AD cases, have full penetrance and expressivity, and usually affect

persons in middle age (Cummings 2004). This review will address LOAD. Robust

risk factors that have been identified for LOAD include older age, lower education,

and the APOE-e4 allele (Cummings 2004). Importantly, APOEe4 has been found to
modulate the effect of other putative risk factors (Haan et al. 1999), such as type

2 diabetes (T2D) and hyperinsulinemia (Peila et al. 2002; Luchsinger et al. 2004).

Current treatment options for LOAD only address symptoms, and no treatments are

available that focus on delaying the actual disease process (Sano 2003). One of the

currently accepted hypotheses of the pathogenesis of LOAD is that the main culprit

is the accumulation of amyloid b in the brain, resulting in synapse disruption and

neuronal destruction (Selkoe 1997, 2000).

Mild cognitive impairment (MCI) has been used to describe a transitional state

between normal cognitive function and LOAD (Petersen et al. 1999; Luis et al.

2003) and has thus been targeted for interventions (Petersen et al. 2005). Indivi-

duals with MCI do not have dementia but have memory complaints without loss

of function in their daily activities (Petersen et al. 1999). While general cognitive

performance is well preserved, memory performance on standardized tests falls

below expectations for age and education. Persons with MCI progress to LOAD at

the rate of nearly 10% to 15% per year (Luis et al. 2003) compared to 1 to 2% in

elderly persons with normal cognition (Petersen et al. 1999). MCI can be classi-

fied as amnestic and non-amnestic MCI. It is believed that amnestic MCI is an

early stage of LOAD, whereas non-amnestic MCI, such as executive MCI, is less

specific to LOAD (Luis et al. 2003). The prevalence of amnestic MCI varies

between 3% and 20% depending on the criteria applied (Busse et al. 2003) and

increases from about 1% in persons 60 years old to 25% at age 85 (Yesavage et al.

2002). LOAD can be studied in epidemiologic studies through the outcomes of

memory impairment or decline, amnestic MCI, and Alzheimer’s dementia, and

this review will cover evidence examining these outcomes.

2 The Continuum of Adiposity, Hyperinsulinemia,

and Type 2 Diabetes

There is a worrisome epidemic of obesity, insulin resistance and T2D in the world

(Hill and Bessesen 2003). With the aging of the population and greater longevity,

the long-term consequences of these conditions will have a significant public health

impact in elderly populations. Adiposity refers to the amount of adipose (fat) tissue

in the body (Reaven and Laws 1999). Adiposity is a continuum, and the normal or

ideal threshold of adiposity is not clear. However, as adiposity increases, it is

associated with higher risks of insulin resistance, T2D, hypertension, dyslipidemia,

90 J.A. Luchsinger



cardiovascular disease, degenerative joint disease, cancer, and respiratory diseases

(Pi-Sunyer 2002; Poirier et al. 2006). Definitions of elevated levels of adiposity

have been devised using existing measures and according to their relationship with

adverse outcomes (Clinical guidelines. . . 1998). Adiposity is usually measured

indirectly with anthropological measures (Mueller et al. 1991) such as the body

mass index (BMI), defined as weight in kilograms divided by height in meters

squared (k/m2). BMI is strongly correlated with total body fat tissue and is a good

indirect measure of adiposity (Pi-Sunyer 2002), although this correlation decreases

in older age (Baumgartner et al. 1995). Another commonly used measure of

adiposity is waist circumference. Waist circumference is meant to measure the

accumulation of adipose tissue in the abdomen, the largest depot of adipose tissue,

and it is, therefore, perhaps a more direct measure of adiposity than BMI (Mueller

et al. 1991; Wahrenberg et al. 2005). Elevated waist circumference is also related to

a higher risk of T2D, hypertension, dyslipidemia, and heart disease, and some

studies have shown that it is a better predictor of adverse cardiovascular outcomes

than BMI (Janssen et al. 2004). Some have advocated its use as the best measure of

adiposity (Mueller et al. 1991). A commonly used cutoff to define elevated waist

circumference is 102 cm for men and 88 cm for women (Janssen et al. 2004). Other,

less frequently used anthropologic measures of adiposity include skinfolds and

waist to hip ratio (Mueller et al. 1991). Overweight, obesity (Flegall et al. 2002)

and elevated waist circumference (Ford et al. 2003) are increasing in adults in the

United States. More worrisome, these trends are also observed in children and

adolescents (Hedley et al. 2004). Two thirds of the United States population are

overweight or obese (Hedley et al. 2004); 30% are obese, and the prevalence of

obesity is higher in women than men.

Insulin sensitivity is the ability of insulin to dispose of a glucose load. Insulin

resistance refers to the resistance of tissues that dispose of glucose to the actions of

insulin. Insulin resistance results in an increase in insulin secretion in the pancreas

to overcome that insulin resistance. Fasting insulin levels are used in epidemiologi-

cal studies as indicators of the risk of T2D (Haffner et al. 1990; Lundgren et al.

1990; Charles et al. 1991; Lillioja et al. 1993). Fasting insulin is accepted as a

measure of insulin resistance that is highly correlated with more complicated

measures of insulin resistance such as the euglycemic clamp (Laakso 1993) and

the homeostasis model assessment (Haffner et al. 1997).

Glucose intolerance and T2D are abnormal elevations of blood glucose that put

people at risk for microvascular (nephropathy, neuropathy, retinopathy) and macro-

vascular disease (coronary artery disease, cerebrovascular disease, peripheral vas-

cular disease; DeFronzo 2000). It is important to point out that this review addresses

type 2 diabetes, not type 1 diabetes. The American Diabetes Association currently

defines diabetes as a fasting glucose elevation> 126 mg/dl, and glucose intolerance

as an elevation of glucose between 110 and 126 mg/dl (Clark et al. 2000). It

is difficult to establish an absolute threshold for the definition of glucose intole-

rance and diabetes. Previously, the definition of diabetes was a fasting glucose

> 140 mg/dl, and people currently defined as having diabetes were then considered

non-diabetic (Luchsinger 2001). The fasting glucose threshold for the diagnosis of
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diabetes will change again and persons currently considered to have glucose

intolerance will be considered to be diabetic. These changes underscore the caveats

of using cutoffs to define conditions that have continuous (linear or non-linear)

associations with disease: depending on the cutoff used, persons at risk may be

classified as normal or abnormal (and vice versa). This is true for measures of

adiposity, insulin resistance, and measures of glucose tolerance.

Adiposity, hyperinsulinemia, glucose intolerance, and T2D are often treated as

separate constructs. However, they are related sequentially and often occur simul-

taneously, and understanding this relationship is fundamental in the study of the

role of adiposity, insulin resistance, and T2D in LOAD. Keeping glucose at normal

levels is achieved by balancing between the ability of peripheral tissues (muscle,

adipose tissue, liver) to take glucose into cells and the pancreas’ ability to secrete

insulin, the hormone in charge of glucose tissue uptake (DeFronzo 2000). Thus,

abnormal glucose levels are caused by a resistance of tissues to the action of insulin

(insulin resistance) and by the pancreas’ inability to secrete enough insulin at

normal levels or higher than normal insulin levels (hyperinsulinemia) to overcome

insulin resistance in tissues (Festa et al. 2006). Insulin resistance increases with age,

and the organism maintains normal glucose levels as long as it can produce enough

insulin (hyperinsulinemia). Some individuals are less capable than others of mount-

ing sustained hyperinsulinemia and will develop glucose intolerance and T2D

(Festa et al. 2006). Other individuals with insulin resistance will maintain normal

glucose levels at the expense of hyperinsulinemia, but their pancreas will eventu-

ally burn out, i.e., will not be able to sustain hyperinsulinemia and will develop

glucose intolerance and T2D (Festa et al. 2006). Others will continue having insulin

resistance, may have or not have glucose intolerance, will not develop T2D but will

have hyperinsulinemia and suffer its consequences. The most frequent modifiable

determinant of insulin resistance and hyperinsulinemia is elevated adiposity

(Reaven and Laws 1999; Reaven 2005), although adipose tissue is not the only

factor. Insulin resistance can reside in other tissues, including muscle, liver, and the

pancreas itself (Accili 2004). The susceptibility to adiposity, that is, the risk of

developing insulin resistance and T2D in response to adiposity, varies by gender

(Pi-Sunyer 2002) and particularly by ethnicity. For example, Chinese and southeast

Asians are more susceptible than Europeans to developing insulin resistance with

comparable increases of adiposity (Reaven and Laws 1999). The distribution of

factors related to insulin resistance and the metabolic syndrome, including adipos-

ity, is different in whites and blacks (Kraja et al. 2005). Thus, conventional ways to

classify adiposity may not capture its relationship to adverse outcomes and this

should be taken into account. High adiposity and hyperinsulinemia are both accom-

panied by dyslipidemia, hypertension, and inflammation (Reaven 2005), and these

should also be taken into account.

An implication of the continuum described above is that, when an epidemiologic

study finds a relationship between the components of this continuum and LOAD,

we cannot be certain if we are looking at a surrogate marker of one of the other

components (e.g., T2D is a marker of past adiposity or hyperinsulinemia, obesity is

a marker of hyperinsulinemia) or if the important exposure is the one we are

92 J.A. Luchsinger



examining. The answer could be that there is an aggregate effect of all the

components of the continuum. The metabolic syndrome, an increasingly popular

term in clinical practice and research, and reported to be associated with a higher

risk of cognitive decline (Yaffe et al. 2004) is a constellation of adiposity, hyper-

tension, glucose intolerance, and dyslipidemia that is associated mainly with insulin

resistance and hyperinsulinemia (Grundy et al. 2005; Luchsinger 2006). However,

the definition of the metabolic syndrome is somewhat arbitrary, intended to capture

the clustering of cardiovascular risk factors particularly in middle-aged populations,

and its validity in elderly populations at risk for LOAD is not clear (Luchsinger

2006). The difficulty of arriving at precise metabolic syndrome criteria is reflected

by the fact that, over the years, at least six different definitions have been developed

that share several characteristics (Grundy et al. 2005).

2.1 Potential Mechanisms Relating the Continuum of
Elevated Adiposity, Hyperinsulinemia, and Type 2 Diabetes
with LOAD

This continuum is related to cerebrovascular disease (Benson and Sacco 2000;

Boden-Albala and Sacco 2000; Sacco et al. 2001; Sacco 2002; Suk et al. 2003;

Boden-Albala et al. 2008). Elevated adiposity (Pi-Sunyer 2002), hyperinsulinemia,

T2D (Sacco et al. 1997), and their clustering with other vascular risk factors

(Grundy et al. 2005) are risk factors for stroke. In addition, insulin or related

byproducts may affect the amyloid cascade (Craft and Watson 2004). Thus, we

classify the mechanisms linking this continuum with LOAD as cerebrovascular and

non-cerebrovascular.

2.2 Cerebrovascular Mechanisms. Brain Infarcts

Strokes, ascertained by clinical history (Honig, Tang et al. 2003) or as brain infarcts

on MRI (Vermeer et al. 2003), are related to a higher risk of dementia, including

LOAD. The mechanisms for this association are not clear. However, pathology

studies have demonstrated that the presence of amyloid plaques is lower in brains of

persons with dementia who also have infarcts (Snowdon et al. 1997; Schneider et al.

2007), suggesting that the presence of infarcts is an insult that lowers the threshold

of amyloid in the brain that is necessary to cause dementia. T2D has been shown in

pathology studies to be related to infarcts but not LOAD pathology in persons with

the clinical expression of LOAD (Arvanitakis et al. 2006). This observation sug-

gests that the main mechanism linking hyperinsulinemia to LOAD clinical expres-

sion is the presence of infarcts, which lower the burden of amyloid necessary to

cause memory decline and dementia.
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2.3 White Matter Disease

White matter disease, ascertained as white matter hyperintensities (WHI) or leu-

koaraiosis on brain imaging, represents microvascular disease in the brain or

demyelination. The nature of WHI is still a matter of controversy. WHI are thought

to be ischemic in origin in the same way that infarcts are (Pantoni 2006) and have

thus been proposed as surrogate markers of cerebrovascular disease (Pantoni 2006).

However, recent evidence shows that WHI are common in LOAD and may be

related to cerebral amyloid angiopathy (Alonzo et al. 1998; Haglund and Englund

2002; Gurol et al. 2006; Nakata-Kudo et al. 2006). Thus, some WHI may be due to

amyloid disease and contribute to the development of LOAD. WHI are common

correlates of cognitive impairment in T2D (Manschot et al. 2006), but it is unclear

whether these WHI are markers of microvascular injury or represent a process

related to amyloid deposition.

2.4 Hyperinsulinemia and Beta Amyloid Clearance

Hyperinsulinemia is a plausible risk factor for LOAD because 1) insulin can cross

the blood-brain barrier (BBB; Park 2001) and peripheral insulin infusion in the

elderly increases Ab42 levels in the CSF (Watson, Peskind et al. 2003), a surrogate

marker of Ab clearance in the brain and an indirect marker of LOAD risk; 2) there

are insulin receptors in the brain, including the hippocampus and entorhinal cortex

(Frolich et al. 1998), structures affected early in LOAD (Small et al. 1999); 3)

insulin-degrading enzyme (IDE) has been linked to clearance of Ab in the brain,

and insulin and Ab are both competing substrates for IDE (Farris et al. 2003); and 4)

insulin in the brain can increase the deposition of Ab and Tau protein phosphoryla-

tion, which are central to the pathogenesis of LOAD (Park 2001).

The pathways relating insulin in the periphery with Ab clearance in the brain are

multiple and complex. We cannot discuss all due to space constraints. Craft et al.

(2007) have reviewed how peripheral hyperinsulinemia affects amyloid beta clear-

ance in the brain. A potential pathway is that peripheral hyperinsulinemia down

regulates insulin uptake in the BBB due to saturation over physiologic levels (Banks

et al. 1997), which may result in reduction of insulin levels in the brain, down-

regulation of expression of IDE (Zhao et al. 2004) and reduction in IDE-mediated

amyloid reduction (Farris et al. 2003). This complex observation has been used to

support the use of rosiglitazone, an insulin sensitizer (Watson et al. 2005; Risner

et al. 2006), and intranasal insulin (Reger et al. 2006) in the treatment of LOAD.

However, there are potential mechanisms (affected by hyperinsulinemia) related to

amyloid clearance in the periphery (not the brain) that may affect the amount of

amyloid translocated to the brain from the periphery (Deane et al. 2004; Zlokovic

2008). These mechanisms include advanced products of glycosilation (AGE).

AGE are most closely linked with glycemia and diabetes, as elevated glucose

concentration promotes the Maillard reaction and AGE accrual. In a hyperglycemic
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environment, diabetic animal and human tissues contain increased AGE and upre-

gulation of its receptor (RAGE, Basta et al. 2004; Goldin et al. 2006; Negrean

et al. 2007). In fact, the most recognized AGE, hemoglobin A1c, represents the

standard-of-care for tracking glycemia. AGE contribute importantly to diabetic

complications. AGE in the basement membranes of vessels promote vascular

leakage (Vlassara et al. 1994). Glomerular AGE deposition is associated with

diabetic nephropathy, and treatment with thiazolium compounds, thought to break

AGE cross-links, reduces it (Thallas-Bonke et al. 2004; Peppa et al. 2006). AGE

accumulation also contributes to complications such as retinal neovascularization

(Stitt 2001; Schalkwijk et al. 2002) and diabetic neuropathy (Sullivan and Feldman

2005). Increased expression of RAGE is observed in LOAD (Yan et al. 1996;

Schmidt et al. 2000; Lue et al. 2001). Similarly, vasculature with deposited Ab
from patients with LOAD also display increased RAGE antigen compared to

age-matched controls (Yan et al. 1996; Deane et al. 2003). Expression of RAGE

is enhanced in blood vessels near Ab deposits in LOAD brain (Yan et al. 1996;

Deane et al. 2003). Along with increased total amount of RAGE in AD brain,

there is a shift of RAGE distribution from neuron to microvasculature (Donahue

et al. 2006). The role of RAGE on the BBB was further revealed when mice

infused with a radiolabeled Ab showed RAGE-dependent brain capillary uptake

and transport across the BBB of radiolabeled peptide. Further experiments demon-

strated that Ab(1-40) and Ab(1-42) transport can be blocked by RAGE-specific

IgG or sRAGE but are not affected by fucoidan (an inhibitor of Ab binding to

the type A macrophage scavenger receptor), antibodies to b1-integrin, the RHDS

sequence of Ab or nonimmune IgG. The BBB transport of Ab was also completely

blocked in mice deficient in the RAGE gene (Deane et al. 2003).

Lipoprotein-related proteins (LRP) are a family of lipoprotein receptors that

affect lipid metabolism. LRP-1, found in the liver and other tissues, clears Ab in the

periphery (Donahue et al. 2006; Tamaki et al. 2007). LRP-1 is diminished in insulin

resistance without affecting lipid levels (Tamaki et al. 2007). Thus, LRP-1 is a

plausible mechanism linking hyperinsulinemia with Ab and LOAD. Soluble LRP

(sLRP) facilitates the clearance of Ab by LRP-1 and occurs naturally (Deane et al.

2004; Sagare et al. 2007).

3 Summary of Prospective Epidemiological Studies Linking

Adiposity, Hyperinsulinemia, and Diabetes to AD

3.1 Adiposity

Elevated BMI in middle age may be associated with higher dementia risk (Kivipelto

et al. 2005; Whitmer et al. 2005). A recent study showed that central adiposity in

middle age was related to a higher risk of dementia in older age (Whitmer et al.

2008). Higher BMI at ages 70, 75 and 79 years may also predict higher dementia
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risk (Gustafson et al. 2003). However, there have been reports of no association at

mid-life (Stewart et al. 2005) and of lower BMI related to higher LOAD risk

(Nourhashemi et al. 2003; Atti et al. 2008) at older ages. A study in northern

New York City (Luchsinger et al. 2007) found that, in younger elderly (65 to 76

years of age), the association between BMI quartiles and LOAD resembles a U

shaped-curve, whereas in the oldest old (> 76 years), higher BMI is related to a

lower LOAD risk. This U-shaped association has been reported for the relationship

between adiposity and cardiovascular mortality (Stevens et al. 1998) and under-

scores the difficulty of studying the effects of adiposity in older age (Stevens 2000).

This study also found that higher waist circumference is related to higher LOAD

risk in the younger elderly, but not in the oldest old. The Cardiovascular Health

Study recently reported that elevated self-reported BMI at age 50 years was

associated with a higher risk of dementia, whereas BMI at age 65 or older in the

same individuals did not (Fitzpatrick et al. 2009).

This study underscores the importance of the period in life at which adiposity is

ascertained in relation to dementia. The most important explanation for the paradox

linking low weight in old age to dementia seems to be weight loss. The mechanisms

for this are not entirely clear. They may include loss of olfaction (Devanand et al.

2000; Tabert et al. 2005), one of the earliest manifestations of LOAD, which may

lead to decreased caloric intake, forgetfulness of meals (Gustafson 2008), and

metabolic changes related to LOAD that are not well understood. In this regard,

LOAD is accompanied by abnormalities in brain insulin signaling (Steen et al.

2005), which could affect appetite and food intake. It is not clear if weight loss is a

consequence of LOAD, is a parallel process, or is related to potential causes of

LOAD, such as insulin resistance (Wedick et al. 2001). The role of weight loss and

nutritional supplementation in the progression of LOAD is beyond the scope of this

review and can be found elsewhere (Reyes-Ortega et al. 1997; Guyonnet et al.

1998; Andrieuh et al. 2001; Reynish et al. 2001).

3.2 Hyperinsulinemia

Several cross-sectional studies show an association between hyperinsulinemia and

an increased risk of LOAD (Razay and Wilcock 1994; Kuusisto et al. 1997; Stolk

1997). Two longitudinal studies, one in elderly Japanese Americans in Hawaii (Peila

et al. 2004) and another in elderly black, Caribbean Hispanic, and Non-Hispanic

whites in New York City (Luchsinger et al. 2004) found that the risk of incident

LOAD was higher in persons with hyperinsulinemia. These studies also found that

the risk of LOAD related to hyperinsulinemia was higher among persons with the

APOE-e4 allele. The Nurses’ health study found that higher C-peptide levels, a

measure of insulin secretion (Harris et al. 2002), and fasting insulin levels are related

to cognitive decline in women (Okereke et al. 2005; Okereke et al. 2008; van Oijen

et al. 2008). There is a paucity of prospective epidemiologic studies exploring the

relationship betweenmarkers of hyperinsulinemia and LOAD, andmore are needed.
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3.3 Type 2 Diabetes

T2D has been related to a two-fold higher risk of developing MCI among postmen-

opausal women (Yaffe et al. 2004). A multiethnic study in elderly from New York

City found that T2D was related to a higher risk of cognitive impairment-no

dementia with stroke, although the effect on cognitive impairment-no dementia

without stroke was not evident after adjusting for demographic variables and the

presence of the Apo E-e4 allele (Luchsinger et al. 2001). An Italian study showed a
non-statistically significant increase in MCI with T2D in an elderly population

(Solfrizzi et al. 2004), whereas a Canadian study found that T2D was related only to

vascular cognitive impairment-no dementia (MacKnight et al. 2002). A study in

New York City found that T2D was related to a higher risk of both amnestic and

non-amnestic MCI, underlining the importance of T2D for both LOAD-related and

vascular cognitive impairment (Luchsinger et al. 2007). A recent study in Olmstead

county, Minnesota, found that the presence of T2D was not related to MCI risk, but

longer T2D duration and treatment with insulin, a surrogate marker of T2D

duration, were related to higher MCI risk (Roberts et al. 2008).

T2D has been found consistently to be related to vascular dementia (VD), but its

relation to LOAD is less clear. A study of Japanese subjects aged 65 years and older

found that T2D was related to a higher risk of both LOAD and VD (Yoshitake et al.

1995). A longitudinal study from the Netherlands in over 5,000 subjects aged 55

years and older without dementia at baseline found a higher risk of LOAD in

persons with T2D (Ott et al. 1999). This association was stronger in subjects with

T2D who reported insulin treatment. Another European study found that the risk of

all cause-dementia was increased by T2D, but this relation was weaker with LOAD

(Brayne et al. 1998). A study from Rochester, Minnesota, found a doubling of

LOAD risk in relation to T2D (Leibson et al. 1997), similar to the study from the

Netherlands. A study of Catholic nuns, priests, and brothers 55 years and older

found that T2D was associated with a higher risk of LOAD (Arvanitakis et al.

2004). The Honolulu Asia Aging Study also found that T2D in old age was related

to a higher risk of LOAD and AD pathology on autopsy, particularly in subjects

with the APOE-e4 allele (Peila et al. 2002). A study from Canada found that T2D

had a weak, non-statistically significant relation to LOAD but was related to VD. A

Swedish study found a similar, non-significant relation to LOAD and a significant

relation to a higher risk of VD (Xu et al. 2004). A prospective study in over 1,000

subjects from New York City who were mostly African American and Caribbean-

Hispanic, with a mean age of 75 years and without dementia at baseline, found a

higher risk of LOAD in relation to T2D that was not statistically significant after

adjustment for other variables, but T2D was significantly related to higher risk of a

composite outcome of LOAD and cognitive impairment-no dementia (Luchsinger

et al. 2001). The risk of LOAD was also increased in those treated with insulin,

indicating a higher risk of LOAD in subjects with long-standing T2D. This study

also found a stronger association between T2D and VD. A recent reanalysis of these

data with longer follow-up showed that the risk of LOAD associated with T2D was
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stronger than previously reported, independent of other vascular conditions (hyper-

tension, heart disease, stroke), and not explained by misclassification of VD cases

as LOAD (Luchsinger et al. 2005). A study in Sweden found that T2D increased the

risk of VD but not of LOAD (Xu et al. 2004) and that this risk was higher in the

presence of hypertension and heart disease. The same study recently reported that

borderline T2D was associated with a higher risk of LOAD in persons without the

APOE-e4 allele (Xu et al. 2007).

Few studies have examined whether T2D in middle age leads to the development

of dementia in older age. One study in the United States (Whitmer et al. 2005) and

another in Israel (Schnaider Beeri et al. 2004) found that T2D at midlife increased

the risk of dementia in the elderly. A study in Japanese-Americans found no

association between T2D in middle age and dementia (Curb et al. 1999).

The diagnosis of T2D is somewhat arbitrary and many cases go undetected. Few

studies have examined the relationship between continuous measures of glycemia

and dementia. One study in postmenopausal women found that the risk of MCI and

dementia increased with each 1% elevation in glycosilated hemoglobin, a stable

measure of glucose levels, even in women without T2D (Yaffe et al. 2006).

Glycosilated hemoglobin in persons without T2D correlates with both glucose

intolerance and insulin resistance, and this study underscores the continuous nature

of the relationship between these constructs and higher dementia risk.

3.4 Metabolic Syndrome

There is limited evidence of the association between the metabolic syndrome and

dementia in the elderly. One study in 2,632 black and white elders found that the

metabolic syndrome was associated with a higher risk of cognitive decline, partic-

ularly among those with high inflammatory markers (Yaffe et al. 2004). A cross-

sectional study in Europeans found that LOAD prevalence was higher in persons

with the metabolic syndrome (Vanhanen et al. 2006). In northern New York City,

the metabolic syndrome was not related to LOAD risk, whereas T2D and hyper-

insulinemia were (Muller et al. 2007). The discrepancy between these studies could

be due to the fact that the study in New York City was conducted in an older

population, ethnically diverse, and with a high prevalence of vascular risk factors

(Luchsinger et al. 2005). In Japanese Americans, the metabolic syndrome in middle

age was associated with VD but not LOAD (Kalmijn et al. 2000).

4 Implications for the Prevention and Treatment of AD

There is very strong evidence that adiposity, hyperinsulinemia, and T2D are

related to LOAD. However, this evidence falls short of being considered as proof

of causation until we understand the mechanisms. If the relation between these
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conditions and LOAD were to be causal, the public health implications are enor-

mous. As explained before, two-thirds of the adult population of the United States is

overweight or obese, and the short-term trend is for this to worsen. These trends are

also being observed worldwide. Epidemiologic studies suggest that adiposity in

middle age is important as a predictor of LOAD risk. With increasing life expec-

tancy, we are likely to increasingly see the cognitive consequences of increased

adiposity, hyperinsulinemia, and T2D in old age. We estimated that in New York

City the presence of T2D or hyperinsulinemia in elderly people could account for

39% of cases of LOAD (Luchsinger et al. 2004). However, the other implication is

that a large proportion of cases of LOAD could be preventable or treatable. The

Finnish Diabetes Prevention Study (FDPS; Tuomilehto et al. 2001) demonstrated

that T2D can be prevented with lifestyle interventions. The Diabetes Prevention

Program (DPP) in the United States demonstrated that T2D can be prevented

through lifestyle interventions or metformin (Diabetes Prevention Program

Research Group 2002), and this effect was largely mediated by improvements in

insulin sensitivity and reductions in insulin levels (The Diabetes Prevention Pro-

gram Research 2005). Cognition ancillary studies are planned for both the FDPS

and DPP. These cognition ancillary studies will be unique opportunities to answer

whether the prevention of T2D through improvement in adiposity and insulin

sensitivity is related to improvements in the risk of cognitive impairment. Rosigli-

tazone, an insulin sensitizer used in the treatment of T2D but also shown to be

effective in prevention (DREAM investigators 2006) has shown preliminary prom-

ise (Watson et al. 2005) in the treatment of LOAD, particularly in persons without

the APOE-e4 allele (Risner et al. 2006) . Phase III trials of rosiglitazone are under

way although concerns about its safety may limit this drug’s usefulness (Nathan

2007; Nathan and Berkwits 2007). The potential mechanisms linking the continuum

of adiposity, hyperinsulinemia, and T2D are multiple, overlapping, and highly cor-

related. Thus, it may be difficult to elucidate that a single mechanism is the culprit.

Importantly, the potential therapeutic interventions mentioned above impact virtu-

ally all potential mechanisms, that is, weight loss through lifestyle interventions or

medications alters adipokine activity, improves hyperinsulinemia, inflammation,

glucose tolerance, blood pressure, lipids, and the risk of cerebrovascular disease.

One of the pitfalls of the clinical diagnosis of LOAD is that it may detect a

heterogeneous disease with overlapping vascular and amyloid pathologies in a

continuum, which may explain the observation of relationships of adiposity, hyper-

insulinemia, and T2D with LOAD. It is possible that these relationships are

explained mostly by cases of dementia with cerebrovascular disease misclassified

as LOAD or that they are cases of mixed dementia. However, the possibility of

misclassification does not reduce the potential public health importance of these

observations and the potential for prevention and treatment.

Another important question is whether intense treatment can decrease the risk of

cognitive impairment and LOAD in persons with T2D. Moreover, it is important to

answer whether treatment of T2D with drugs that increase insulin levels vs. insulin

sensitizers affects cognitive impairment. Some of these questions will be answered

by a cognition ancillary study in the Action to Control Cardiovascular Risk in
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Diabetes (ACCORD) clinical trial (Williamson et al. 2007). Elucidating the

mechanisms linking adiposity, hyperinsulinemia and T2D to LOAD will help

identify specific targets for treatment, and more research is needed in this regard.
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The Role of Insulin Dysregulation in Aging

and Alzheimer’s Disease

Suzanne Craft

Abstract Our knowledge of the multifaceted role of insulin in the central nervous

system has expanded rapidly in recent years. It is now apparent that perturbation of

this role by insulin resistance and hyperinsulinemia can increase the risk for aging-

related neurodegenerative disorders such as Alzheimer’s disease (AD) through a

number of mechanistic pathways, delineated in elegant in vitro and animal studies.

We have investigated these pathways in humans using models of insulin resistance

and hyperinsulinemia. We will present results suggesting that insulin-associated

effects on Ab regulation and inflammation contribute to AD pathophysiology. This

premise raises the possibility that treatments aimed at improving insulin resistance

will benefit patients with AD. We will review data testing this possibility in pilot

therapeutic trials using insulin sensitizers and intranasal insulin.

1 Insulin and the Brain

The peripheral effects of insulin, a hormone secreted by pancreatic b-cells, have
been well-characterized. Recent evidence demonstrates that insulin is also active in

the CNS. Although controversy exists as to whether insulin is synthesized in the

adult brain, insulin is readily transported into the CNS across the blood brain barrier

(BBB) by a saturable, receptor-mediated process (Banks et al. 1997b; Baskin et al.

1987; Baura et al. 1993). Raising peripheral insulin levels acutely elevates brain

and CSF insulin levels, whereas prolonged peripheral hyperinsulinemia down-

regulates BBB insulin receptors and reduces insulin transport into the brain

(Schwartz et al. 1990; Wallum et al. 1987). Insulin receptors are located in the

synapses of both astrocytes and neurons (Abbott et al. 1999). Although insulin and
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insulin receptors are abundant in the brain, they are selectively distributed, with

high concentrations in the olfactory bulb, cerebral cortex, hippocampus, hypothal-

amus, amygdala, and septum (Havrankova et al. 1978a, b; Unger et al. 1991).

The localization of insulin receptors in hippocampus and medial temporal cortex

is consistent with evidence that insulin influences memory. In rats, acute intracer-

ebroventricular insulin administration enhanced memory on a passive-avoidance

task (Unger et al. 1991). In humans, acute intravenous (IV) insulin administration

while maintaining euglycemia reliably enhances story recall (Craft et al. 1996,

1999, 2003; Kern et al. 2001). Conversely, learning may also influence insulin

receptor expression and function. For example, training rodents on a spatial mem-

ory task increased insulin receptor expression in the dentate gyrus and hippocampal

CA1 field (Zhao et al. 1999). Thus, the act of learning is accompanied by changes in

insulin signaling molecules in the hippocampus. Collectively, these studies suggest

that insulin may contribute to normal memory functioning.

There are several mechanisms through which insulin may affect memory. One

mechanism may be through effects on cerebral energy metabolism. Although

insulin does not appear to influence glucose transport into brain, it may have

more selective effects on cerebral glucose metabolism. Bingham et al. (2002)

recently demonstrated an increase in cerebral glucose metabolism that was particu-

larly pronounced in the cortex following administration of a low dose of insulin.

The basis for regional insulin effects on glucose metabolism may be due to

the distribution of glucose transporter isoforms (GLUTs) (Reagan et al. 2001;

Schulingkamp et al. 2000). The insulin-sensitive GLUTs 4 and 8 are selectively

distributed in the brain, and insulin increases brain GLUT4 expression. Notably,

substantial co-localization exists for insulin-containing neurons, insulin receptors

and GLUTs 4 and 8 (Apelt et al. 1999; Schulingkamp et al. 2000). These over-

lapping distributions are consistent with insulin-stimulated glucose uptake in selec-

tive brain regions, including medial temporal lobe structures that support learning

and memory.

Other insulin-related mechanisms that are not directly related to modulation of

glucose uptake have also been implicated in normal hippocampal functioning (Zhao

and Alkon 2001). For example, insulin may modulate components of the long-term

potentiation cascade, such as the cell membrane expression of NMDA receptors

(Skeberdis et al. 2001), which affect the likelihood of LTP induction. Insulin also

modulates CNS levels of neurotransmitters, such as acetylcholine and norepineph-

rine, that are known to influence cognitive function (Figlewicz et al. 1993; Kopf and

Baratti 1999). Thus, insulin affects numerous mechanisms relating to neuronal

activity and cognitive function supported by such activity.

Paradoxically, chronic hyperinsulinemia and insulin resistance, or reduced insu-

lin effectiveness, may exert a negative influence on memory. For example, type

2 diabetes mellitus (T2DM) has been associated with impaired learning in animal

and human studies (Greenwood and Winocur 2001). Furthermore, impaired verbal

memory has been observed in individuals with chronic hyperinsulinemia in the

absence of hyperglycemia (Vanhanen et al. 1998). Additionally, impaired glucose

tolerance has been associated with reduced hippocampal volume and memory
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impairment (Convit et al. 2003). Taken together, these findings are consistent with

the notion that acute and chronic hyperinsulinemia have opposing effects on the

neural substrates of memory.

2 Insulin Resistance and AD

The association between AD and syndromes related to peripheral hyperinsulinemia

and insulin resistance has been largely supported in epidemiological work, although

some inconsistency has been noted. Special attention may be warranted for

population-based studies that directly assessed diabetes, hyperinsulinemia and insulin

resistance with oral glucose tolerance testing, and used neuroimaging to facilitate

differential diagnosis of AD and vascular dementia. In general, such methodologi-

cally sound studies have shown an increased risk of both AD and vascular dementia

associated with diabetes and insulin resistance. Two prospective, population-based

cohort studies reported such an association (Ott et al. 1999; Peila et al. 2002). In the

prospective, community-based Rotterdam study, Ott et al. (1999) found that T2DM

significantly increased the risk for dementia and AD. Similar findings were reported

by Leibson et al. (1997), who reported that hyperinsulinemia increases risk for

dementia overall and that AD risk is raised independently from vascular or other

dementias. Mayeux and colleagues reported that hyperinsulinemia was a risk factor

for AD and general memory decline in a sample of 683 older adults (Luchsinger et al.

2004). In other cross-sectional and longitudinal population-based studies, fasting

plasma insulin elevations were associated with AD and with faster memory decline

for both diabetic and non-diabetic subjects, suggesting that insulin resistance

independent of diabetes may increase disease risk (Kurochkin and Goto 1994).

2.1 Insulin Abnormalities and AD Pathology

The ways in which insulin abnormalities may contribute to the symptoms and

pathogenesis of AD have been examined in a variety of experimental models.

Hoyer and colleagues were the first group to suggest that desensitization of the

neuronal insulin receptor plays a role in AD (Hoyer 2002). More recently, animal

and in vitro studies have documented relationships between insulin and mechan-

isms with clear pathogenic implications for AD. In vitro, insulin modulates levels of

the Ab peptide, the aggregation of which is a fundamental neuropathological

hallmark of AD. For example, insulin promotes release of intracellular Ab in

neuronal cultures, affecting both its short (Ab40) and long (Ab42) forms and

accelerating their trafficking from the Golgi and trans-Golgi network to the plasma

membrane (Gasparini et al. 2001). Thus, low brain insulin may reduce the release

of Ab from intracellular to extracellular compartments. Interestingly, Ab also

regulates brain insulin signaling. Soluble Ab binds to the insulin receptor and

disrupts its signaling capacity and LTP induction in mouse hippocampal slice
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preparations (Townsend et al. 2007). These effects could be prevented by exposing

tissue to insulin prior to Ab exposure.

A growing understanding of the importance of impaired Ab clearance as

opposed to increased Ab production in late-onset AD has created intense focus

on mechanisms regulating Ab degradation. Insulin may modulate Ab degradation

by regulating expression of insulin-degrading enzyme (IDE), a metalloprotease that

catabolizes insulin (Zhao et al. 2004). IDE is highly expressed in brain as well as in

liver, kidney, and muscle (Authier et al. 1996) and may play a critical role in Ab
clearance in brain (Kurochkin and Goto 1994; McDermott and Gibson 1997; Qiu

et al. 1998). IDE has also been implicated in the intracellular degradation of Ab
(Sudoh et al. 2002). Furthermore, decreased IDE activity, levels, and mRNA have

been observed in AD brain tissue, and IDE knockout mice have reduced degrada-

tion of Ab and insulin in brain (Cook et al. 2003; Farris et al. 2003; Perez et al.

2000). Thus, low CNS insulin may reduce IDE levels in brain and thereby impair

Ab clearance. Conversely, excessively high insulin levels may act as a competitive

substrate for IDE and inhibit its degradation of Ab.
A recently studied mechanism through which insulin and Ab may interact to

modulate AD pathology is synaptotoxic effects. Loss of synapses is the earliest

structural defect observed in AD. Soluble oligomeric species of Ab are synapto-

toxic, and insulin prevents binding of Ab to synapses, thereby preserving synaptic

integrity (De Felice et al. 2009). Insulin also reduced oligomer formation, which

may have additional protective effects; a functional consequence of these effects

appears to be protection against Ab-induced disruption of long-term potentiation

integrity, the process of synaptic remodeling believed to underlie memory forma-

tion (Lee et al. 2009).

Chronic peripheral hyperinsulinemia may thus lower brain insulin levels and

interfere with peripheral Ab clearance. Chronic peripheral hyperinsulinemia has

been associated with a pattern in which brain insulin levels are initially higher, then

decrease as transport of insulin into the brain is down-regulated (Banks et al.

1997a). We have reported that patients with AD showed lower cerebral spinal

fluid (CSF) insulin levels, higher plasma insulin levels, and reduced CSF-to-plasma

insulin ratios compared to healthy controls (Craft et al. 1998). In this study, 14

normal older adults and 25 patients with AD received a paired blood draw and

lumbar puncture (LP) following a 10-hour fast. Subjects with moderate AD had

higher plasma insulin levels (p < 0.05) but lower CSF insulin levels (p < 0.02)

relative to controls with equivalent body mass indices and fasting plasma glucose.

As a consequence, CSF-to-plasma ratios were lowest for subjects with moderate

AD (Fig. 1; p < 0.05). Overall, CSF insulin levels were lowest among AD subjects

with the highest plasma insulin levels. These results are consistent with animal

models showing that chronic hyperinsulinemia reduces CNS insulin uptake This

possibility was further explored in a second study, in which we examined the effects

of raising plasma insulin to levels associated with insulin-resistant states on CSF

insulin. The finding that AD patients show lower CSF insulin following intravenous

insulin infusion than do normal older adults would support the notion of reduced

brain insulin uptake in AD. Sixteen normal older adults and seven patients with
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early AD received a saline and an insulin infusion on separate days in counter-

balanced order. In the insulin condition, an insulin dose of 1.0 mU·kg�1·min�1 was

used, resulting in plasma levels of about 80 mU/ml. Such levels are commonly

observed post-prandially in adults with insulin resistance. Dextrose (20%) was

infused as needed to keep plasma glucose at fasting levels of 90 mg/dl. In the

control condition, only saline was infused and insulin remained at a fasting baseline

(�10mU/ml). After 90 min of infusion, plasma was obtained and CSF was col-

lected. Insulin infusion resulted in an increase in CSF insulin levels for normal

adults (p ¼ 0.02), presumably reflecting transport of insulin into the CNS, as has

been well described in animal models. CSF insulin was not reliably increased for

AD patients, a result consistent with reduced brain uptake.

In previous studies, we have modeled the effects of hyperinsulinemia associated

with insulin resistance on Ab42 and inflammation (Fishel et al. 2005). Healthy

older adults (n ¼ 16, mean age 69) received infusions of saline or insulin (1.0

mU·kg�1·min�1) with variable dextrose to maintain euglycemia on separate days

in counterbalanced order. After 90 min of infusion, CSF was collected and frozen

immediately. All participants received both infusions and two LPs, allowing them

to serve as their own controls. Insulin administration increased plasma insulin to

levels typical of post-prandial insulin in insulin-resistant adults (85 mU/ml). CSF

insulin also increased (p ¼ 0.02), presumably reflecting increased transport into the

CNS. As predicted, CSF Ab42 increased in an age-dependent manner (Fig. 2;

p ¼ 0.02), with the greatest effects noted for adults older than 70 years of age.

Notably, greater insulin-induced increases in CSF insulin levels predicted greater

increases in CSF Ab42 levels (r ¼ 0.76, p ¼ 0.05). CSF inflammatory cytokines

and F2-isoProstane (IL-1a, IL-6, TNFa, F2-isoP) all increased in response to

insulin (all p values < 0.01). Higher insulin-induced F2-isoprostane levels pre-

dicted greater increases in CSF Ab42 (p ¼ 0.009).

Together, chronic peripheral hyperinsulinemia and associated reductions in

brain insulin uptake may affect insulin’s role in several pathophysiologic processes

in AD, including Ab regulation and inflammation. High plasma insulin levels may

interfere with degradation of Ab transported out of the brain, thereby obstructing a

peripheral Ab-clearing “sink.” Concomitantly, low brain insulin levels reduce

release of Ab from intracellular compartments into extracellular compartments

where clearance is believed to occur. Thus, for some patients with AD, high

Normal Mild AD Moderate/
Severe AD

.02

.04

.06

.08

.10

*Fig. 1 CSF-to-plasma insulin

ratios for normal adults,

adults with mild AD, and

adults with moderate to

severe AD (from Craft et al.

1998)

The Role of Insulin Dysregulation in Aging and Alzheimer’s Disease 113



peripheral insulin levels and low brain insulin levels would result in reduced

clearance of Ab both in brain and in the periphery.

Support for the validity of this model is provided by a recent study that induced

insulin resistance in the T2576 mouse model of AD with a high fat diet. Diet

manipulation resulted in a metabolic profile of high peripheral insulin and low brain

insulin and IDE levels compared to Tg2576 mice fed a normal diet (Ho et al. 2004).

Diet-induced insulin resistance caused two-fold increases in Ab40 and 42 and,

earlier, larger Ab deposits compared to non-insulin-resistant Tg2576 mice. Further-

more, insulin-resistant mice had impaired learning on a water maze test. In another

model of insulin resistance, APP/PS1 mice were given sucrose-sweetened beve-

rages and also demonstrated increased brain Ab deposition and reduced Morris

water maze learning (Cao et al. 2007). Together these results suggest that insulin

resistance can precipitate the neuropathological and behavioral features of AD and

that raising brain insulin levels may reduce neuropathological changes related to

AD. Recent research has also focused intensively on the contribution of vascular

dysfunction to AD pathogenesis, as well as to vascular cognitive impairment.

2.2 Insulin Resistance and Vascular Dysfunction

Insulin resistance has many negative effects on vascular function, often related to

dyslipidemia. High triglycerides and low density lipoprotein impair endothelial

integrity, in part via inflammation. Impaired suppression of adipose tissue lipolysis

and mild post-prandial hyperglycemia favor free fatty acid (FFA) utilization and

oxidation, increasing levels of reactive oxygen species and cytokines. Additionally,

insulin directly affects vasoreactivity and hemodynamic functions, such as capillary

recruitment, vasodilation and regional blood flow. Hemodynamic and metabolic

effects working in concert enhance energy substrate delivery (Cersosimo and

DeFronzo 2006). Insulin normally increases NO-mediated vasodilation and regu-

lates vasoconstriction via endothelin-1. Conversely, insulin resistance decreases

NO and increases endothelin-1 activity, favoring vasoconstriction and reducing
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capillary recruitment. In turn, endothelial dysfunction reduces insulin transport,

ultimately reducing capillary recruitment and microvascular blood flow. This

process exacerbates glucose and lipid abnormalities and establishes a negative

feedback loop between progressive endothelial dysfunction and increasing insulin

resistance (Cersosimo and DeFronzo 2006). In the brain, vasoconstriction and

reduced capillary recruitment may interfere with functions of the neurovascular

unit, the coordinated interaction of astrocyte, neuron, and endothelium that couples

neural activity with increased blood flow. Glucose may thus be unavailable to

neurons. Reduced capillary recruitment by insulin results in a 50% decrease in

glucose extractional fraction (Cersosimo and DeFronzo 2006).

Recent neuropathological studies have illustrated the complex interrelationship

between markers of vascular dysfunction and AD pathology. An interesting pattern

has emerged, in which patients with treated diabetes demonstrate a reduced amy-

loid load compared to non-diabetics with similar levels of dementia (Beeri et al.

2008). In a recent study, we reported that patients with treated diabetes and dementia

had Ab plaque loads similar to non-demented cases and instead had increased

microvascular infarcts and IL-6 (Sonnen et al. 2009). In contrast, untreated diabetics

with dementia had plaque loads that were similar to non-diabetic dementia cases.

One intriguing interpretation of these results is that diabetic treatment affected

amyloid load but not degree of dementia. If true, this finding would raise questions

about the role of amyloid plaques in dementia symptoms. This interpretationmust be

considered to be speculative, however, given the small number of cases and the fact

that treated diabetics typically have more severe diabetes. Similarly, the finding of

increased microvascular injury in treated diabetics with dementia, but not in simi-

larly affected treated diabetics without dementia, raises the question of which

diabetic factors are associated with microvascular infarcts? Clearly not all treated

diabetics developed dementia, only those cases with concomitant microvascular

infarcts. The nature of this microvascular injury is also an important consideration.

Given their small volume, it is unlikely that microvascular infarcts directly cause

dementia but rather serve as a marker for more extensive microvascular dysfunction.

These findings illustrate the importance of careful assessment of treatment and

metabolic status in future neuropathologic studies.

3 Therapeutic Implications of Insulin Resistance

as a Pathogenetic Mechanism in AD

3.1 Pharmacologic Insulin Sensitization

Given the relationship between insulin resistance and memory impairment, thera-

peutic strategies aimed at treating early T2DM may also benefit those MCI patients

who are at risk for developing AD. PPAR-g agonists have been shown to improve

insulin sensitivity by decreasing circulating insulin and increasing insulin-mediated
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glucose uptake, with minimal risk of hypoglycemia (Olefsky 2000). In addition to

improving insulin sensitivity, several investigators have reported that PPAR-g activity
may reduce both Ab accumulation and inflammatory reactants and protect against

neurotoxicity (Combs et al. 2000; Delerive et al. 2001; Paik et al. 2000). Activation of

PPAR-g receptors has been shown to regulate inflammatory responses and apoptosis

(Corton et al. 2000; Escher andWahli 2000). PPAR-g agonists inhibit Ab-stimulated

secretion of pro-inflammatory products, arrest the evaluation of activated macro-

phages, and inhibit the expression of cyclooxygenase-2 (Combs et al. 2000).

Decreased oxidative stress and reduced inflammation have been demonstrated

with PPAR-g treatment in both in vitro and in vivo models (Hirsch et al. 2003;

Schmidt et al. 2004). PPAR-g agonists are thus attractive candidates for the treat-

ment of insulin resistance and inflammation associated with early cognitive decline.

Rosiglitazone, a compound that binds with high affinity to PPAR-g (Lehmann

et al. 1995), is approved by the FDA for use as an antidiabetic agent and acts to

reduce hyperglycemia by increasing insulin sensitivity. Reduced insulin resistance

is likely to produce indirect CNS effects as a result of decreased circulating insulin,

which would presumably help to restore an appropriate balance of peripheral and

central insulin levels and enhance peripheral Ab clearance. Rosiglitazone, when

administered to insulin-resistant Tg2576 mice, both normalizes the insulin response

and ameliorates the associated impaired stress response in these animals (Pedersen

and Flynn 2004). Animal models suggest that treatment with rosiglitazone signifi-

cantly reduces inflammation in response to acute injury and also improves endothe-

lium-dependent vasodilation and coronary arteriole function (Bagi et al. 2004;

Cuzzocrea et al. 2004; Tao et al. 2003).

We recently completed a parallel group, double-blind, placebo-controlled trial to

test the hypothesis that treatment with the PPAR-g agonist, rosiglitazone, which

both improves insulin sensitivity and reduces inflammation, would produce benefi-

cial cognitive effects for patients with amnestic MCI and early AD. Thirty subjects

[21 diagnosed with AD per NINCDS-ADRDA criteria, 9 diagnosed with amnestic

MCI per the Petersen criteria (Petersen et al. 1999)] received a single daily oral dose

of 4 mg of rosiglitazone (n ¼ 20) or matched placebo (n ¼ 10) for six months.

Delayed memory on the Buschke list-learning task was preserved over the six-

month trial for the rosiglitazone-treated group, whereas the placebo-assigned group

showed the expected decline in memory performance (Fig. 3A). Differences

between the two treatment groups were observed after four months (p ¼ 0.04)

and six months (p ¼ 0.001). The degree of memory preservation was related to

treatment response, as indexed by fasting plasma insulin levels at six months. For

the rosiglitazone-treated group, lower insulin levels, indicative of a positive treat-

ment response, were associated with a greater increase in delayed list recall from

baseline (Spearman r ¼ �0.48, p ¼ 0.04). Performance on the Stroop Color-Word

Interference Test was substantially improved for rosiglitazone-treated participants.

These subjects showed fewer errors on the Stroop interference test than did pla-

cebo-assigned subjects after six months of treatment (Fig. 3B; p ¼ 0.03). A similar

relationship was observed between six-month treatment response and changes

in verbal fluency for categories, a sensitive measure of semantic search that is

impaired at the earliest stages of AD (Spearman r ¼ �0·52, p ¼ 0·0184).

116 S. Craft



Both plasma Ab40 and Ab42 levels declined over the six-month treatment

period and Ab42 (Fig. 4). This pattern of decreased Ab42 is in keeping with results
reported in a recent, large longitudinal study of early AD patients (Mayeux et al.

2003). In contrast, Ab levels remained stable in the rosiglitazone-treated group. The

observed effects of rosiglitazone on cognitive measures and plasma Ab suggest that

treating insulin resistance can ameliorate the progressive cognitive decline asso-

ciated with early AD. In light of these findings, PPAR-g agonists may constitute a

potential novel class of therapeutic agents for these patients.

4 Intranasal Insulin

Multiple studies have demonstrated that IV insulin administration (while maintain-

ing euglycemia) increases CNS insulin and reliably improves cognition (Craft et al.

1999, 2003; Park et al. 2000). However, chronic peripheral insulin administration is
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not a viable therapeutic option, due to risks associated with hypoglycemia. In

addition, it is likely that such an approach would exacerbate peripheral hyperinsu-

linemia, with possible negative effects on Ab clearance. Any long-term treatment

strategy for normalizing CNS insulin levels in persons with AD must avoid

significantly increasing insulin in the periphery. Such an approach is possible

with an intranasal administration technique.

4.1 Intranasal Pathways to the CNS

The nasal cavity is unique in that olfactory sensory neurons are directly exposed

to the external environment in the upper nasal cavity while their axons extend

through the cribriform plate to the olfactory bulb. Following intranasal adminis-

tration, drugs can be directly transported to the CNS, bypassing the periphery.

Several extraneuronal and intraneuronal pathways from the nasal cavity to the

CNS are possible. The extraneuronal pathways appear to rely on bulk flow transport

through perineural channels to the brain or CSF. In recent studies, labeled

intranasal insulin or a closely related peptide, insulin-like growth factor-I

(IGF-I), was administered to rodents (Francis et al. 2008, Thorne et al. 2004).

Within 30 minutes, IGF-I signal was detected along olfactory and trigeminal

channels, with robust signal evident in hippocampus, amygdale and cortex. An

additional extracellular pathway was identified with quick access to the CSF after

absorption into the submucosa along the olfactory nerve and cribriform plate

(Born et al. 2002; Frey 2002; Thorne et al. 2004). These extracellular pathways

provide direct access to the CNS within minutes of intranasal administration.

Additionally, an intraneuronal pathway delivers drugs to the CNS hours or days

later. Anterograde axoplasmic transport within olfactory sensory neurons has

been demonstrated.

4.2 Intranasal Drug Administration

Although use of intranasal pathways for drug delivery is considered novel, the

existence of such pathways has been known for many years. Viruses and micro-

organisms (Bodian and Howe 1941; Faber 1938; Fairbrother and Hurst 1930),

metals (Czerniawska 1970; Gopinath et al. 1978), dyes (Clark and Gros 1929;

Faber 1937), amino acids (Weiss and Holland 1967) and proteins (Kristensson

and Olsson 1971; Shipley 1985, Thorne et al. 1995) have been shown for decades to

enter the CNS via nasal routes. There are a variety of drugs that either cannot

permeate the BBB to reach targets in the CNS or that penetrate the BBB but can

have harmful effects in the periphery. Substances with lower molecular weights are

more likely to be transported to the CNS along intranasal pathways.
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A common approach to determining whether a specific drug can be transported

to the CNS is to measure the drug in CSF or brain following intranasal administra-

tion while controlling or adjusting for drug transport to the periphery. Such research

demonstrates that significant numbers of therapeutic compounds are successfully

delivered to the CNS following intranasal administration, including insulin (Born

et al. 2002), neurotrophic factors (Thorne and Frey 2001), antibiotics (Sakane

et al. 1991), antivirals (Seki et al. 1994), adrenergics (Anand Kumar et al. 1976),

antineoplastics (Wang et al. 2003, 2004), estrogen and progesterone (Anand

Kumar et al. 1974, 1982), vasopressin (Pietrowsky et al. 1996a), cholecystokinin

(Pietrowsky et al. 1996b), corticotropin-releasing hormone (Born et al. 2002), DNA

plasmids (Oh et al. 2001) and cocaine (Chow et al. 1999).

4.3 Intranasal Insulin Effects in the CNS

Kern and colleagues (Born et al. 2002) administered 40 IU of insulin intranasally in

young, healthy adults. CSF and blood were sampled every 10 to 20 minutes for

80 minutes following administration. Insulin treatment resulted in increased CSF

insulin levels within 10 minutes of administration compared to placebo, with peak

levels noted within 30 minutes. CSF insulin levels had not returned to baseline by

the end of the 80-minute study. Blood glucose and insulin levels did not change,

demonstrating that the effects in CSF were not due to transport from the nasal cavity

to systemic circulation. This finding is consistent with extensive literature that

demonstrates insulin’s poor transport from the nasal cavity into blood (Illum

2002). Although elevated CSF insulin levels do not conclusively demonstrate that

brain insulin levels are similarly elevated, animal studies have shown significant

drug uptake to hippocampus and cortex. Francis et al. (2008) showed that intranasal

insulin reversed the effects of diabetes in a murine model, reducing brain atrophy,

increasing markers of synaptic function, increasing insulin receptors and phosphor-

ylation, reversing diabetes-related reductions in choline acetyltranferase levels,

reducing neuronal NFkB activation, and increasing activation of Akt, CREB, and

GSK3b. These multifaceted effects were accompanied by a striking preservation of

memory, as measured by the Morris water maze and radial arm tasks (Francis et al.

2008).

Functional and cognitive studies of the acute and chronic effects of intranasal

administration also support insulin’s transport to the CNS. Sixty minutes of intra-

nasal insulin treatment (20 IU every 15 minutes) induced changes in auditory-

evoked brain potentials (AEPs) compared to placebo (Kern et al. 1999). We have

also demonstrated that intranasal insulin acutely improves verbal memory in

memory-impaired persons without affecting plasma insulin or glucose levels

(Reger et al. manuscript in preparation). Thirteen memory-impaired [MI; six with

early AD and seven with amnestic MCI (aMCI)] and 35 normal adults received

saline and four doses of intranasally administered regular insulin (10, 20, 40, or 60

IU insulin) on separate mornings. Percent change in memory (story recall) relative
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to the placebo condition was calculated for each of the four insulin doses. Story

recall was enhanced following 10 (p ¼ .04), 20 (p ¼ .005) and 40 (p ¼ .07) IU of

intranasal insulin for the MI group (Fig. 5). Normal adults showed smaller but

consistent enhancement in story recall that only approached statistical significance

at the highest dose.

With respect to effects of chronic intranasal insulin administration, several

studies reported that two months of daily insulin administration (4 � 40 IU/day)

significantly improved verbal memory and enhanced mood in young, healthy adults

(Benedict et al. 2004, 2008). In a recent pilot clinical trial. we examined the effects

of short-term daily intranasal insulin administration in 25 adults with AD (n ¼ 11)

or aMCI (n ¼ 14), who were randomly assigned to receive insulin (20 IU bid;

n ¼ 13) or placebo (n ¼ 12). Treatment groups were comparable in terms of age,

education, body mass index, or dementia severity as assessed by the Mattis Demen-

tia Rating Scale. Saline or insulin was administered with a ViaNaseTM Electronic

Atomizer (Bothell, Washington). The ViaNase device has been specifically

designed to deliver drugs to the olfactory region to maximize drug transport to

the CNS. This device releases a metered insulin (20 IU) or saline dose into a

chamber covering the subject’s nose, which then is inhaled by breathing evenly

over a 2 minute period. This method allows administration of smaller particle sizes

to increase drug deposition in the upper nasal cavity without transporting the drug

to the lungs (Djupesland et al. 2004). Intranasal treatment was administered twice

daily, immediately after breakfast and dinner, for 21 days under the supervision of

the caregiver for patients with AD.

The primary outcome measure was the amount of story recall retained over the

delay (calculated as immediate recall/delayed recall). Secondary measures included

a frontal-executive test of selective attention and response inhibition (Stroop Color-

Word Interference Task). Blood was collected at baseline and after 21 days of

treatment from fasting participants for analysis of plasma Ab. Relative to their

baseline performance, insulin-treated subjects had greater memory savings at day

21 than did placebo-assigned subjects (Fig. 6A). Insulin treatment also resulted in

faster average performance on the selective attention test (Fig. 6B). Insulin-treated
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adults’ fasting Ab40/42 ratios increased over the 21-day period compared to

placebo-assigned participants (Fig. 7; p ¼ 0.0207), reflecting increased Ab40
levels relative to Ab42. These results provide the first evidence of cognitive

improvement following daily intranasal peptide administration for patients with

early AD and support brain insulin signaling as a promising target in the search for

new therapeutic avenues in AD. An important question is whether longer-term

administration would provide additional benefit and a comparably favorable safety

profile. We are currently investigating this question in an ongoing trial.
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5 Conclusions

Insulin contributes to multiple functions in the central nervous system, and disrup-

tion of its effects by insulin resistance and hyperinsulinemia can increase the risk

for aging-related neurodegenerative disorders such as AD through a number of

mechanistic pathways. Human studies have shown that insulin modulates markers

of AD pathology, such as CSF Ab42 levels and inflammatory cytokines. These

effects suggest that treatments aimed at improving insulin resistance will benefit

patients with AD. Preliminary data from pilot studies of insulin sensitizers, exer-

cise, and intranasal insulin support this possibility and provide a strong foundation

for expanded studies in these areas.
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Is Alzheimer’s a Disorder of Ageing and Why

Don’t Mice get it? The Centrality of Insulin

Signalling to Alzheimer’s Disease Pathology

Simon Lovestone and Richard Killick

Abstract The amyloid cascade hypothesis has had considerable importance in

driving forward the molecular understanding of Alzheimer’s disease (AD) patho-

logy. One component of that cascade might be glycogen synthase kinase-3 (GSK3),

a kinase that appears to be activated by Ab and in turn phosphorylates tau. GSK3 is

also inhibited by insulin signalling and insulin resistance, and diabetes is a major

risk factor for AD. We hypothesise, as others have done, that insulin signalling is

central to the pathological process, with evidence that both genetic and environ-

mental risk factors for AD involve the insulin pathway. We also postulate that

transgenic mice provide only a partial model for AD, as insulin signalling acts as a

protective factor against Ab toxicity; also, the well-established relationship

between insulin signalling and longevity might explain why the single most impor-

tant risk factor for AD is age.

1 Introduction

Alzheimer’s disease (AD) is a common and costly disorder. With an estimated

700,000 people with dementia in the UK costing over £15 billion per annum, and

with numbers set to rise inexorably as the population ages, AD can truly be said to

be an unsustainable problem in urgent need of therapeutics (Albanese et al. 2007;

Lowin et al. 2001). Few other disorders are so common or costly – the costs of AD

are greater than all cancers and heart disease combined (Lowin et al. 2001) – and it

is almost surely only because these costs are spread over health and social services,

and even more importantly shared by families and individuals, that there is not an

even greater sense of urgency to find a disease-modifying therapy than there is.
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However, AD is not the only common and costly condition; diabetes is as common

and set to become something of an epidemic, as not only the age but also the weight

and waist measurement of the population rise. In contrast to AD, however, diabetes

has a relatively sophisticated and growing set of diagnostics and therapeutics.

In this review we discuss the overlapping risk factors and pathologies of diabe-

tes, or more accurately insulin and insulin-like growth factor (IGF) signalling (IIS)

and AD, and the prospects therefore of shared therapeutics. Our understanding of

AD pathogenesis is based almost entirely on extrapolation from autosomal domi-

nant, early onset forms of the condition (familial AD; FAD). The discovery of

mutations in APP (b-amyloid precursor protein) and PS1, and the overwhelming

evidence that these mutations when modelled in cells and in animals increase either

the total amount of b-amyloid (Ab) or the relatively pathogenic form of Ab42, gave
rise to the amyloid cascade hypothesis (Hardy 2006; Hardy and Higgins 1992). This

almost universally accepted outline of pathogenic processes in AD was reinforced

by the discovery of mutations in MAPT, the gene encoding tau, causing fronto-

temporal dementia (FTD; Heutink 2000). As FTD is a disorder of tau-pathology and

not amyloid pathology, and FAD is a disorder of both, this discovery seemed to be

the final proof needed that the order of pathological processes postulated by the

amyloid cascade hypothesis – amyloid before tau – is correct. However, although

this hypothesis has been immensely powerful and has driven the research agenda

for the past two decades, and correspondingly predicates almost all therapeutics

programmes, caution is warranted. Is late onset AD the same as early onset FAD?

Observations in both rodent models and in man suggest that whilst there is much to

learn from rare forms of genetically determined AD, there are some differences. In

rodents, one of the most striking observations, to which we return below, is that

mice are astonishingly resistant to the full AD pathology; there are few examples of

an intact amyloid cascade in mice and an overwhelming body of evidence that such

a cascade is not induced as it appears to be in man. In man, although the core

pathological lesions of AD, plaques and tangles, are present and apparently identi-

cal in both FAD and late onset AD, it is an awkward fact that these pathological

lesions are also present in people without the symptoms of AD. Furthermore, in

people with clinically apparent dementia, the range of other pathological processes

in the brain at post mortem, including most obviously vascular damage and

inflammation, is very extensive indeed (MRC CFAS 2001).

These observations are not in themselves enough to seriously challenge the

amyloid cascade hypothesis – although they do add to a sense of nervousness as

amyloid-based therapeutics appear to fail in clinical trials – but they do suggest that

alternative processes either contribute to, or are even causative in, the vast majority

of cases of AD. Increasingly, the amyloid cascade is being nuanced with sugges-

tions that primary aetiopathological events might act at multiple points on the

pathological cascade and might affect, independently and simultaneously, both

plaque- and tangle-related pathologies (Mudher and Lovestone 2002; Small and

Duff 2008). In this context, the term “plaque and tangle pathologies” is shorthand

for the molecular pathology associated with these macromolecular lesions. For both

lesions, this pathology seems likely to be oligomeric forms of the protein that
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aggregate to form the lesion, but although the evidence for this hypothesis is

growing, it remains to be unambiguously proven (Brunden et al. 2008; Haass and

Selkoe 2007).

In this chapter we suggest that one primary aetiopathological event that might

increase both plaque- and tangle-related pathologies – the dual hypothesis – is

altered IIS. Specifically, we suggest that defective IIS, manifested as insulin

resistance, will result in altered regulation of a kinase, glycogen synthase kinase-3

(GSK3), that has effects not only on plaque- and tangle-related pathologies but also

on the primary and early clinical symptom of long-term memory formation and

plasticity. We review the evidence for a dysregualtion of GSK3 as a risk factor for

AD and also its role in longevity, suggesting that one reason why rodent models of

AD are so limited is the differences between mice and man in IIS and considering

the effects of altered IIS in cellular and animal models. Our own findings suggest a

complicated effect of altered IIS in mice, with paradoxical effects on the two

principal pathological processes in AD. Together these findings suggest that thera-

peutic approaches seeking to modulate IIS might be a rich source of possible

disease-modifying therapies in AD but that such approaches might have complex

and sometimes unexpected effects.

2 The Role of GSK-3 in AD Pathology

The neurofibrillary tangle observed by Alois Alzheimer is one stage of a pathologi-

cal process that appears to begin with the accumulation of highly phosphorylated

tau in neuronal cell bodies and end with the extracellular, insoluble ghost or

tombstone tangle. Careful studies attempting to correlate pathological lesions

with symptoms have tended to suggest that the tangle is more closely related to

severity of cognitive impairment than plaques (Nagy et al. 1995). Such studies are,

however, almost certainly fundamentally flawed, both because of the inevitable

delay between clinical assessment and pathological examination and also, perhaps

more importantly, because tangle pathologies are relatively insoluble and hence

more persistent whereas plaque pathologies have been shown in animal models to

have a surprisingly rapid turnover. As a consequence, tangle pathologies will have a

more linear accumulation in relation to length of disease and hence severity by

virtue of biophysical characteristics alone. In fact, the closest association with

cognitive impairment is almost certainly neither the plaque nor the tangle but the

loss of synapses (Terry et al. 1991). Despite this caveat, it makes sense that there is

a relationship between tangle-related pathologies and severity. Tau is a predomi-

nantly axonal protein that plays a key role in neuronal function (Avila et al. 2004).

One of a number of microtubule-associated proteins, tau binds to microtubules and

facilitates axonal transport, a process that is essential to neuronal stability and

function as the synapse possesses relatively little protein translational apparatus.

Tau binding to microtubules is regulated by phosphorylation and axonal transport is

disrupted by both alteration in the expression of tau and by tau phosphorylation.
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The mutations in the gene encoding tau also alter the normal properties of tau, with

some directly affecting its ability to bind microtubules and some affecting tau

phosphorylation (Dayanandan et al. 1999). In the tauopathies (AD, FTD and

other disorders with tau pathology), there is evidence for all three abnormalities

in tau in at least some cases – altered overall expression or expression of some

isoforms of tau (Ingelsson et al. 2007; Myers et al. 2007), altered intracellular

expression with an accumulation in the cell body together with aggregation and

increased phosphorylation (Avila 2006).

Despite this consensus about the nature of the pathological events and the

generalities of the amyloid cascade, the precise sequence of pathological events,

and defining which are critical in causing symptoms, is disputed. The accumulation

of tau in the cell body and the formation of intracellular tangles are both likely to

result in cell toxicity, and it is obvious that neuronal loss will result in the symptoms

of neurodegeneration. Neuropathological studies have shown that the earliest sign

of tau-related pathology is the accumulation of highly phosphorylated tau in

neuronal cell bodies and elsewhere, and these early pathological observations

precede clinical symptoms (Braak and Braak 1991; Braak et al. 1994). However,

whether the phosphorylation of tau and its altered intracellular distribution result in

neuronal dysfunction in man in vivo is unclear, although animal models suggest

that this explanation is plausible (Mudher et al. 2004; Hernandez et al. 2002). Most

evidence does point to phosphorylation being an early event, and a likely sequence

of events is that an increase in phosphorylation results in loss of normal microtubule

binding function of tau, leading to a redistribution of tau and abnormal intracellular

accumulation in the cell body and in the unbound fraction in axons (Avila 2006;

Ferrer et al. 2005). In the intracellular environment, this is likely to result in

aggregation of tau and the formation of oligomeric species and then fibrils in the

form of paired helical filaments that form the core of the tangle. Either oligomeric

or fibrillised tau may have a toxic gain of function that would complement the loss

of normal function of highly phosphorylated tau, and together they may result in

neuronal dysfunction and toxicity leading to neuronal loss.

This sequence of events places phosphorylation as an early and causative, but

not necessarily essential, step in the process leading to tau-related pathology. It is

possible that some aspects of this process are failed attempts to restore function; an

increase in phosphorylation would compensate for an increase in expression, for

example, by reducing the amount of tau binding to microtubules. Equally, in the

case of autosomal dominant FTD, the primary event might be an increase in tau

aggregation caused by a relative failure to bind microtubules or by a mutation-

induced propensity to self-aggregation. Nonetheless, even in these instances, phos-

phorylation of tau is an invariable aspect of pathology and a likely contributor to the

pathological process.

Given this primacy of tau phosphorylation in the pathological cascade, it

becomes important to understand its regulation (Lovestone and Reynolds 1997).

Tau is phosphorylated at more than 30 epitopes, most serines preceding a proline

but also at tyrosines and threonines (Hanger et al. 2007). Both kinases and phos-

phatases have been extensively investigated, with an emerging consensus that no
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single enzyme is responsible for either normal or aberrant regulation but that the

two key participants, although it must be stressed not the only ones, are GSK3 and

protein phosphatase 2a (PP2a). The latter has been consistently shown to be the

predominant phosphatase in cellular and animal models (Trojanowski and Lee

1995; Martin et al. 2008; Wang et al. 2007), and indeed PP2a is inhibited in

response to increases in GSK3 activity, suggesting a positive feedback loop in

relation to tau phosphorylation (Liu et al. 2008). GSK3 is in fact one of many tau

kinases, any of which might play a role in disease pathogenesis in vivo. However,

the weight of evidence for a primary role for GSK3 is compelling. GSK3 was first

identified as a tau kinase in vitro, at the time one of many such candidates (Hanger

et al. 1992; Mandelkow et al. 1992). Subsequently, we showed that GSK3, but

not other proline-directed protein kinases, was a tau-kinase in cellular models

(Lovestone et al. 1994). At this time, and independently, a tau kinase activity in

bovine brain known as tau protein kinase 1 was identified as GSK3 (Ishiguro et al.

1993). Subsequently, we showed that in cellular models the phosphorylation of tau

by GSK3 altered the normal microtubule-binding properties of tau (Lovestone et al.

1996), and these three pieces of evidence – that GSK3 was a tau kinase in cellular

systems, that phosphorylation of tau by GSK3 altered its properties and that the tau

protein kinase activity from mammalian brain was GSK3 – together placed GSK3

centre stage as a predominant tau kinase. Other subsequently identified tau kinases,

such as CDK5, may play a role in phosphorylation of tau (Mazanetz and Fischer

2007) and in fact may act co-operatively with GSK3 as priming kinases (Sengupta

et al. 1997), although other evidence suggests an antagonist effect, as CDK5

inhibits GSK3 (Plattner et al. 2006).

In line with the idea that there might be dual, or more, routes to disease, GSK3 is

also implicated in APP metabolism and Ab formation. GSK3 phosphorylates APP

and thereby alters its maturation (Aplin et al. 1996, 1997). In cellular models and

animal models, GSK3 inhibitors appear to reduce amyloid generation or pathology

(Phiel et al. 2003; Ryder et al. 2003; Su et al. 2004). Most tellingly, in a screen of

kinases that regulate membrane trafficking, using inhibitors and knock-down,

GSK3 was identified as a key regulator both of trafficking processes in general

and, more specifically, of trafficking resulting in altered secretion of Ab (Adachi

et al. 2009). In animal models, the mood-stabilising drugs valproate and lithium

have both been reported to have effects on amyloid pathology. Both may be

inhibitors of GSK3. Lithium is unambiguously a GSK3 inhibitor, although it has

other targets as well; valproic acid is less obviously so. The outcomes on amyloid

pathology are mixed, however; valproate reportedly reduced plaque pathology

(Qing et al. 2008) but lithium reduced APP phosphorylation and decreased Ab
production in one model (Rockenstein et al. 2007) but had no effect in another

(Caccamo et al. 2007). These mouse models are different; all are driven by some

combination of overexpression of human genes possessing autosomal dominant

mutations, but clearly the degree and location of these drivers differ, which may

account for the variability in findings. The model above, reporting no effects of a

GSK3 inhibitor, is driven by three different genes, all with disease-causing muta-

tions, and overcoming such a comprehensive pathogenic load may be difficult.
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As well as being the predominant tau kinase and having a possible role in the

generation of Ab, GSK3 may be the mediator of Ab toxicity. Reproducing Ab
toxicity in vitro has not been straightforward as it is highly dependent on experi-

mental design and, in particular, on the state of oligomerisation of Ab. Nonetheless,
in neuronal cultures, Ab induces toxicity and tau phosphorylation, which is accom-

panied by an increase in GSK3 activity (Takashima et al. 1998). Further evidence

for a role of GSK3 inhibition came from the findings that direct or indirect

inhibition of GSK3 protects neurons from the adverse effects of Ab (Alvarez

et al. 1999; Inestrosa et al. 2002). In cell culture, muscarinic agonists also prevent

Ab-induced toxicity (Farias et al. 2004), and we demonstrated that they also

reduced tau phosphorylation via inhibition of GSK3 (Forlenza et al. 2000), suggest-

ing that this too is further evidence that GSK3 is a mediator of Ab neurotoxicity.

Much the same has been found inanimal models; for example, GSK3 inhibition

prevents the Ab induction of caspase activity in rabbits (Ghribi et al. 2003) and

rescues Ab-induced behavioural abnormalities in rats (De Ferrari et al. 2003).

If GSK3 is an APP and a tau kinase and transmits the Ab toxicity, then

increasing GSK3 activity in animal models should recapitulate some of the patho-

logical processes of AD. The first animal model with overexpression of human

GSK3 in the brain expressed very small amounts of protein, but nonetheless tau

phosphorylation was increased (Brownlees et al. 1997). Other groups used condi-

tional overexpression to increase transgene expression and found correspondingly

increased pathological effects, including considerable amounts of tau phosphoryla-

tion, intraneuronal redistribution of tau to the somatodentridic compartment as in

human AD and neuronal toxicity with an accompanying gliosis (Lucas et al. 2001).

These mice have learning and memory deficits but, interestingly, no tangles were

observed (Hernandez et al. 2002), suggesting that the neurotoxicity and behavioural

effects are pre-tangle in nature. Crossing mice overexpressing GSK3 with mice

possessing human, mutated tau results in much-enhanced pathology, including

tangles, where either founder mouse did not have any, or increased severity or

earlier onset of pathology (Engel et al. 2005; Muyllaert et al. 2006; Terwel et al.

2008).

These findings are matched in Drosophila, where overexpression of tau results in

a phenotype (the nature of which is driver-, and hence expression-pattern, depen-

dent; Ferber 2001; Williams et al. 2000) that is then exacerbated by dysregulation

or overexpression of GSK3 (Jackson et al. 2002; Mudher et al. 2004). Indeed, we

showed that the expression of tau in the absence of alteration of GSK3 results in a

phenotype that is itself GSK3-dependent. Thus overexpression of tau in motor

neurons results in both larval and adult motor phenotypes and a disruption in axonal

transport that then disrupts the neurophysiology of the motor end plate (Chee et al.

2005; Mudher et al. 2004). Whilst this phenotype is exacerbated by GSK3, treat-

ment of larvae overexpressing tau in the absence of overexpression of GSK3

with either lithium or specific GSK3 inhibitors abolished the phenotype, demon-

strating that the effects of tau on axonal transport are at least GSK3-dependent

(Mudher et al. 2004). In mice, also, some of the tau-induced phenotypes, includ-

ing tau phosphorylation and aggregation as well as in some models the full
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neurodegenerative phenotype, are attenuated by GSK3 inhibition (Nakashima et al.

2005; Noble et al. 2005; Engel et al. 2006a, b). Even non-tau-dependent phenotypes

of ageing, for example, apoptosis in a murine model of senescence, are also reduced

by GSK3 inhibitors, notably lithium (Tajes et al. 2008).

Finally, we explored the normal role of GSK3 in neuronal plasticity by following

the activity of GSK3 using its phosphorylation at Ser9 as a measure of relative

inhibition (Hooper et al. 2007a). We found that induction of long-term potentiation

(LTP) in the dentate was followed by an increase in Ser9 in the ipsilateral but not

the control, contralateral, hippocampus, suggesting a relative inhibition of GSK3

following LTP. We speculated that GSK3 inhibition might be a necessary process

to propagate LTP, and we tested this hypothesis in mice conditionally overexpres-

sing GSK3. These mice, as discussed above, have no neurofibrillary tangles and, in

young mice, even before any neurodegeneration, we observed an almost complete

absence of LTP. When the mice were treated with lithium, LTP was restored

completely (Hooper et al. 2007a). In complementary studies, Peineau et al.

(2007) showed that GSK3 activity was increased following the induction of long

term depression (LTD) and, conversely, that GSK3 inhibition blocked LTD induc-

tion. These and similar studies (Zhu et al. 2007) suggest that the inhibition of GSK3

is necessary for the plasticity events that most likely underlie the consolidation of

memory and hence the core symptoms of AD.

These data provide powerful but still circumstantial evidence for a role for

GSK3 in AD. The demonstration that GSK3 increases tau phosphorylation, results

in loss of normal tau function, probably increases Ab generation and certainly

transmits the Ab toxicity in cellular models first suggested that GSK3 is critical to

AD pathogenesis. The findings from mouse and fly models that GSK3 induces

neurodegeneration, enhances tau pathology and is critical for the central phenotype

of the human disease all complement these findings. But in order to truly demon-

strate a role for GSK3 in AD, it would be necessary first to show an alteration of

GSK3 activity in the disease state and then, in the ultimate proof, demonstrate a

reversal with GSK3 inhibitors. In fact, there is a relative paucity of data examining

the activity of GSK3 in man in AD. Pei et al. (1997, 1999) have shown that GSK3

protein is increased, and active but not inactive forms of GSK3 colocalise with pre-

tangle pathology in AD, and we showed that in white cells GSK3 protein and

activity are increased in AD, even in the early stages, suggesting a systemic effect

(Hye et al. 2005). However, neither set of data is sufficient to prove that GSK3 is

actually altered in disease.

As lithium is an inhibitor of GSK3, then people treated with lithium would be

predicted to be at less risk of AD if the “GSK3 hypothesis of AD” is correct

(Hooper et al. 2008). However, such studies are fraught with confounds that

make interpretation difficult. For one, depression, a common therapeutic indication

for lithium is itself a risk factor or even prodrome for AD (Schweitzer et al. 2002;

Jorm 2000); for another, older people with long-term lithium prescriptions are at

increased risk of adverse effects and so clinicians tend to remove the lithium at

precisely the time it might start to have beneficial effects in relation to AD.

Nonetheless, in both large population-based studies (Kessing et al. 2008) and in
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small case-control studies (Nunes et al. 2007; Terao et al. 2006), lithium appears to

reduce the risk of dementia in most but not all studies (Dunn et al. 2005). These

findings support the possibility of GSK3 as a target for therapy and possibly even

for the use of lithium in AD (Macdonald et al. 2008). However, GSK3, as a kinase

at the centre of a number of critical signalling pathways, is a difficult target and,

until more direct evidence for alterations in GSK3 signalling in AD are found,

doubts will remain regarding its role in the disease.

3 Genetic and Environmental Risk Factors Converge on Insulin

Signalling

Although it is widely assumed that there are both genetic and environmental

influences on AD, surprisingly few of either are unequivocally known. Late-onset

AD has a high inheritable component (Liddell et al. 2001) and, although one of the

most highly reproduced and robust findings in the genetics of complex disease, the

effect of APOE, the one unequivocal risk factor, in influencing disease is relatively

modest. Variation in the GSK3 gene itself may influence risk of disease (Kwok

et al. 2008), but only in an epistatic model with variation in the MAPT gene

encoding the protein tau. However, there is evidence that genes on pathways that

regulate GSK3 activity may have effects on disease risk. Case control and family-

based studies converge on variation in LRP6 as a risk factor for AD (De Ferrari

et al. 2007). LRP6, arrow in Drosophila, is part of the wnt receptor, one of the main

negative GSK3 regulatory pathways. The other main regulatory pathway resulting

in an inhibition of GSK3 is insulin signalling. We first looked for variation in two

key genes on the pathway – the p85a subunit of PI3kinase and regulatory subunit 3

of protein phosphatase 1 (PPP1R3) – that had previously been implicated not only

in insulin signalling but in risk of diabetes and insulin resistance (Liolitsa et al.

2002). We found modest association with disease and then went on to examine over

150 single nucleotide polymorphisms that had previously been examined as loci for

quantitative traits related to insulin signalling (Barroso et al. 2003). In a large, two-

stage study, we found evidence for association with SOS2, PCK1 and PPARg and

AD, which was an interesting finding not least because PCK1 was also identified as

a risk gene in a data-driven, genome wide association study (Grupe et al. 2007) and

was subsequently replicated (Feulner et al. 2009) in a study of the top hits on the

AlzGene meta-analysis (Bertram et al. 2005). Other genes that are currently in the

top ten AlzGene hits include GAB2, or GRB2-associated binding protein 2, part of

the MAPK and EGF signaling pathways that interacts with insulin receptor sub-

strates (KEGG ko04910; insulin pathway), and angiotensin-converting enzyme,

long implicated in diabetes.

These putative susceptibility genes have not been fully replicated and it is likely

that the ongoing genome-wide association studies will find other genes. Nonethe-

less, genetic variants on the IIS pathways do show some promise as susceptibility
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factors for AD. The epidemiological evidence for IIS as a risk factor for AD is,

however, overwhelming, and systematic reviews of longitudinal, prospective stud-

ies show unequivocal evidence for association (Biessels et al. 2006; Stewart and

Liolitsa 1999). Diabetes increases risk of vascular dementia, not surprisingly,

because diabetes is one of the elements of the clinical history that prompts a

diagnosis of vascular dementia. This finding is likely to lead to an overestimation

of the association. However, an association remains between diabetes, and even

pre-diabetes, and AD, even when vascular dementia is excluded as far as possible.

In our own studies (Velayudhan et al; B J Psych In press), diabetes is the single most

powerful influence on progression from MCI to AD, adding weight to this, one of

very few, undisputed risk factors for disease.

4 Is AD a Disorder of Ageing?

Both genetic and environmental data converge, therefore, to suggest that a relative

failure of insulin regulation of GSK3 leads to an increase risk of AD. This

convergence prompts the question as to whether AD is a disorder of ageing or,

more accurately, longevity. AD affects predominantly older people but this might

be due to a number of possible factors. The question most commonly posed is: “Is

AD a disorder of ageing or an age-related disorder?” That is, is AD simply a

disorder of the ageing body, i.e., a disorder of failing systems brought on by the

accumulation of a lifetime of environmental damage? Or is AD a disorder that

occurs most commonly in people of a given age, and like most disorders, it just so

happens that the age range of risk is at the end of life? If AD is a disorder that arises

as a consequence of a long life and without any further aetiopathological conse-

quence, then it would be expected that the incidence rates of AD would continue to

rise though very late life. If, on the other hand, AD is an age-related disorder, then

one might expect the supremely old to show declining incidence as they live beyond

the age of risk. Epidemiological studies have not, to date, completely resolved this

issue, as the numbers reaching very late life remain too small. A meta analysis of

such studies found that, although the rate of increase in incidence in the very elderly

slows, the actual incidence itself does not fall (Gao et al. 1998). On balance then,

the weight of evidence tends to suggest that AD is a disorder of ageing rather than

an age-related disorder; however, there is an alternative possibility – that AD is in

fact not a disorder of ageing but of longevity itself.

Although intriguing, these two commonly posed questions do not take into

account one of the most striking lines of enquiry in recent years in the field of

ageing and longevity. As discovered first in C. elegans and replicated in Drosophila

and then in mammals, the evidence is now overwhelming that IIS regulates

longevity (Giannakou and Partridge 2007; McElwee et al. 2007). In flies, the age-1
long-lived mutant carries a mutation in the PI3Kinase gene, the same gene we

find to be a risk factor for AD (Liolitsa et al. 2002; Friedman and Johnson 1988).

In C. elegans, the long-lived DAF-2 mutant exerts its effects via the forkhead
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transcription factor, DAF-16, the mammalian homologue of which is phosphory-

lated as a consequence of Ab-induced toxicity and is altered in conjunction with

changes in pathology in calorie-restricted mice with Ab (Qin et al. 2008; Smith

et al. 2005; Ogg et al. 1997). Mice too can have their life spans extended very

considerably by disruption in IIS (Vijg and Campisi 2008; Bartke 2008). Timing

and location matter, and studies in fly and worm have shown that the longevity-

inducing effects of IIS disruption can be effected in adult stages and that these

effects are not simply due to extension of the developmental period. Furthermore,

the tissues in which the effect is most important are brain and fat, although for the

brain the direction of effect is not entirely clear, with some studies in line with the

idea that decreased IIS in neurons is sufficient for longevity induction, other studies

suggesting it isn’t even a necessary organ and yet others, for example in mice

lacking IRS2 in brain, suggesting that loss of IIS may protect the brain from

otherwise age-related hyperinsulinaemia (reviewed in Piper et al. 2008). Piper

et al. (2008) conclude that appropriate levels of insulin signalling in the brain

can be both protective for neurons and life span-increasing and, furthermore, that a

reduction in systemic IIS, which is controlled by the inverterbrate brain, can also be

life span-enhancing.

Other mechanisms, perhaps parallel or in some cases downstream of IIS, are

increasingly being found that alter ageing and life span. One such is the p53 tumour

suppressor, which not only protects from cancer but has an apparently independent

effect on aging (Feng et al. 2008; Matheu et al. 2008; Rodier et al. 2007). P53 is not

only implicated in longevity but is also altered in AD. Thus, P53 is increased in both

brain and peripheral tissues in AD and, in cell models, induces tau phosphorylation

(Hooper et al. 2007b; Kitamura et al. 1997; Lanni et al. 2007, 2008; Ves da et al.

2002). As another example, there is some evidence that the IIS effects on longevity

may be mediated by autophagy (McPhee and Baehrecke 2009; Cuervo 2008), and

this system is also altered in AD, as autophagy is probably necessary for the

clearance of the protein aggregates that are characteristic of the condition (Sarkar

et al. 2009). Finally, the sirtuin family of histone deacetylases alter longevity

(Kwon and Ott 2008; li-Youcef et al. 2007), protect against AD processes in

model systems (Anekonda and Reddy 2006) and may be genetic susceptibility

factors for AD (Helisalmi et al. 2008).

These findings are remarkably consistent; a set of pathways, principally IIS but

including also p53 signalling, autophagy and the sirtuins, all alter longevity and all

also have evidence of either a genetic association with AD, are altered in AD, or

have clear effects on AD pathology in model systems. In some cases, in particular

IIS, all three interactions between longevity and AD have been found. What then

does this mean? The most parsimonious explanation would be that AD is a disorder

of ageing and, therefore, it is to be expected that there will be similarities between

ageing and AD. However, the direction of effect does not allow such a straight-

forward explanation of the data without further consideration. Taking IIS alone: a

defective IIS in worms, mice and mammals enhances life span but, as we review the

epidemiological studies above, in man a defective IIS in insulin resistance and in

diabetes increases the risk of AD. From a pathway perspective, defective IIS would
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be predicted to, and indeed in cellular models does, result in an increase in GSK3

activity, which would be expected to increase AD pathological events, in line with

the epidemiology but opposite to what is predicted by the simple formula that

“increased life span ¼ less pathological processes.”

We propose an alternative hypothesis that explains all the available data

reviewed above. We suggest that longevity itself is in a pact with the devil of

disease; that is the price paid for longevity is, in this case, AD, not through the

uninteresting and general mechanisms of just living longer but through the very

specific molecular pathway of longevity. In other words, the molecular processes

that have evolved in some organisms to permit longevity specifically induce AD

processes as well. The two are inextricably, for now, linked. We suggest that man is

already a long-lived organism whose life span is considerably greater than his, or

more accurately her, reproductive life span, in marked contrast to many if not

most other organisms. At some point in our evolution we acquired a relatively

defective IIS, a process that allows us to live longer but brings in its wake a

relative loss of inhibitory regulation of GSK3 and a consequent increase in

pathogenic processes leading to AD. This explains, we suggest, why mice do

not get AD, despite the best efforts of multiple laboratories modeling AD pro-

cesses in transgenic animals.

5 Why Don’t Mice get AD?

A large number of animal models, especially transgenic mice, have been gener-

ated that recapitulate some of the pathogenic lesions of AD. These models have

been extensively reviewed (see, for example, Woodruff-Pak 2008; Howlett and

Richardson 2009; Duff 1998; Bornemann and Staufenbiel 2000). The first, and

still the most extensively investigated, mice are those carrying human APP genes

with mutations known to cause early-onset familial forms of the condition. These

mice have amyloid deposits in the form of plaques and other lesions and in many

cases these lesions are increased in number and occur with an earlier onset if the

mouse is also carrying a PS1 gene, also with the mutations causing autosomal

dominant forms of the condition. These models, extensively reviewed elsewhere,

have been immensely informative and useful in AD research. Through these

models we now understand much about the processing of Ab and the relative

importance of oligomeric versus fibrillised Ab, of intracellular versus extracellu-
lar Ab and even of the specific occurrence of certain species of Ab, which may be

the most important correlate of cognitive impairment and other behavioural

deficits in these various models. It is these models that have permitted the

development of a wide range of amyloid-based therapeutics, including the active

and passive immunisation that is still probably the most widely anticipated in AD

disease-modifying trials, the development of the inhibitors of BACE1 and

gamma-secretase that are in clinical trials, and the various approaches to prevent

Ab aggregation, at least one of which went as far as multiple phase III trials.
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These models have been of undoubted importance and are widely, almost

universally, used. It would be difficult to exaggerate their role in the developing

story of understanding the molecular pathogenesis of AD. However, there is one

outstandingly obvious and dismayingly important fact about these animals: they do

not have AD. Specifically, they have no neurofibrillary tangles, no substantive tau

phosphorylation – just minor amounts in close proximity to the plaque (Howlett and

Richardson 2009), and little detectable neuronal loss or toxicity. Life span is not

hugely affected. This single observation should have raised huge concerns, and yet

it has been repeated time and again in many laboratories in every single mouse

model of APP over expression and Ab generation. We emphasise this point as it is

surely the most significant observation of the past few decades of exploration of the

molecular pathogenesis of AD. Mice do not get AD; they do not seem to have an

amyloid cascade.

It is not that mice cannot get tangles or tau pathology. Multiple perturbations in

mouse demonstrate that they do, under the right conditions. Overexpression of

normal human tau induces some tau aggregation pathology (Gotz et al. 2000) and

overexpression of human tau-carrying, disease-causing mutations results in wide-

spread tangle formation, neuronal loss, corresponding behavioural deficits and

other characteristics of the tauopathies (Lewis et al. 2000; Gotz et al. 2001a;

Tanemura et al. 2001). It might be thought that this then is a characteristic of

human tau, but that also is not the case. As discussed above, inducing increased

GSK3 activity results in widespread phosphorylation of endogenous mouse tau and

substantial neuronal loss and significant neurodegeneration. In summary all of the

aspects of tau-related pathology that occur in AD in man can also be made to occur

in mice; just not in response to amyloid.

Mice with both amyloid plaques and tau aggregation in tangles can be generated,

most notably in the triple transgenic line carrying the full house of AD and FTD

mutations in APP, PS1 and tau transgenes (Oddo et al. 2003). However, as each

gene overexpressed by itself induces its own pathology, this is not in itself

surprising and is not evidence for an intact amyloid cascade. Some evidence has

been suggested that in this mouse, and in other mice harbouring both mutated APP

or mutated PS1 and MAPT transgenes and in mice with tau transgenes and Ab
intracerebral injections, the extent of the pathology is increased as a consequence of

the presence of the Ab (Gotz et al. 2001b; Lewis et al. 2001; Boutajangout et al.

2002). We would suggest that this evidence is, however, not striking. Where there is

an enhancement of tau pathology, it is relatively modest and, given that multiple

non-specific, extra-cerebral events can increase tau phosphorylation, including for

example body temperature (Planel et al. 2007), these attempts to demonstrate that

Ab induces tau pathology are not entirely convincing. In cellular models, the

reverse is true. Here Ab induces neuronal toxicity rapidly and comprehensively.

There is a difficulty in ensuring that the effects of Ab are consistent, and the effects

are highly sensitive to the preparation of Ab used. Many studies use non-physio-

logical levels of Ab; nonetheless, there can be little doubt that in vitro Ab induces

tau phosphorylation and is neurotoxic. The amyloid cascade hypothesis itself is

safe, but the finding of no effect of Ab in vivo on endogenous, and a small and
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questionable effect of Ab on mutated, overexpressed human tau already forming

tangle pathology is remarkable.

Why mice do not get AD is a question that has not received as much attention as

it ought to have done, given the primacy of these models and the amyloid cascade in

developing novel therapies. In a seminal paper, Stein and Johnson (2002) asked this

question using expression analysis in brain of the most widely used model: the

Tg2576 line overexpressing human APP carrying the double Swedish mutation.

Comparing these animals to littermates with transcript arrays, Stein and Johnson

speculated that gene expression differences between model and wild type animals

would reflect a protective mechanism that would prevent the toxic effects of Ab
generation. They found a remarkable increase in IGF2, accompanied by substantial

upregulation of other IIS genes and the amyloid-binding chaperone transthyretin

(Stein and Johnson 2002; Stein et al. 2004).

This finding suggests that the reason mice don’t get AD or, to be more accurate,

the reason the effects of Ab are so attenuated in mice is that mice upregulate their

IIS as a consequence of Ab generation. This observation is in line with another

widely made and oft-ignored observation that mice carrying APP transgenes,

including Tg2576, have some elements of insulin resistance including an increase

in peripheral insulin and altered glucose tolerance (Pedersen and Flynn 2004).

Putting these two somewhat provocative statements together, we hypothesise that

the reason mice do not get AD is the same reason that they do not live long (relative

to say, reproductive age). Compared to man, we would suggest that mice have a

dynamic and effective IIS, a system that prevents longevity but at the same time

protects them from Ab-induced neurodegeneration. Man, on the other hand, is a

long-lived animal with an IIS that is relatively impaired, and it is this impairment

that lets us live three or four times our effective reproductive age and that makes

us vulnerable to AD and, of course, diabetes.

6 Insulin Signalling and Cellular and Animal Models of AD

In the sections above we have made a case for GSK3 as a kinase involved in

multiple aspects of AD pathology and, most importantly, as transmitting the Ab
effects to tau and hence neuronal toxicity. The evidence for alteration of GSK3 in

man is not strong, but genetic and environmental evidence converge to suggest that

dysregulation of GSK3 is a risk factor for AD. We note the overwhelming evidence

that IIS, one of the two main pathways regulating GSK3 activity, is the main

mediator of longevity determination in invertebrates and in rodents, and we specu-

late that differences in regulation of GSK3 through IIS between mice and man

might explain why mice seem so remarkably resistant to the toxic effects of Ab.
These diverse data suggest that insulin and IGF signalling should regulate Ab
production and tau phosphorylation in cellular and animal models. Multiple lines

of evidence demonstrate that this is the case, but in vivo somewhat contradictory
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findings also suggest that the effects of IIS on AD pathology are some what

complex.

In neurons in culture, insulin and insulin growth factors reduce tau phosphory-

lation (Hong and Lee 1997) and protect neurons from exogenous Ab (Dore et al.

1997) and from the effects of APP-carrying FAD mutations (Niikura et al. 2001).

The effects of IIS on tau phosphorylation are temporal and bimodal: a rapid

increase followed by a substantial and more sustained decrease (Lesort et al.

1999; Lesort and Johnson 2000). Insulin promotes secretion of the non-amyloido-

genic products of APP (Solano et al. 2000) and, in man, early studies showed that

manipulation of insulin through ingestion of glucose altered APP levels in plasma

(Boyt et al. 2000). These effects are not specific to IIS. We demonstrated much the

same results in the activation of wnt signalling, the other mechanism that inhibited

GSK3 and also reduced tau phosphorylation and increased non-amyloidogenic

metabolism of APP (Mudher et al. 2001). Insulin signalling, as well as wnt

signalling, affect APP processing, Ab generation and tau phosphorylation in animal

models, too Peripheral IGF1 reduces the amyloid burden of the ageing rat and,

conversely, low levels of central IGF1 increase amyloid load in mice (Carro et al.

2002, 2005, 2006). Inducing insulin resistance through high fat diet or by sucrose-

sweetened water increases Ab load (Ho et al. 2004; Cao et al. 2007), and depleting

insulin using streptozotocin increases tau phosphorylation (Clodfelder-Miller et al.

2006; Planel et al. 2007).

These are apparently consistent findings: in both cellular and animal models,

insulin resistance increases both aspects of AD pathology. Some studies fail to

reproduce some aspects of these experimental models (Lanz et al. 2007) and others

note that the mechanisms are complex and sometimes unexpected, such as the

effects of hypothermia on tau phosphorylation induced by changes in IIS (Planel

et al. 2004, 2007). Harder to explain are the apparently completely contradictory

findings from some studies suggesting that IIS has opposite effects from insulin

resistance, being not disease inducing but protective. Thus impaired IIS has also

been shown to reduce Ab aggregation and toxicity in a C. elegans model with

AD-associated pathology in muscle (Cohen et al. 2006) and, in a different model, it

attenuated Ab-induced paralysis via an autophagy-mediated mechanism (Florez-

McClure et al. 2007). Thus a paradox exits; impaired IIS promotes longevity and

yet increases AD-relevant pathologies in some models and offers some protection

in others (Cohen and Dillin 2008).

It is difficult to resolve this paradox using the models that currently exist. Diet-

induced insulin resistance has complex effects, including changes in immunity,

liver function and, as discussed above, core body temperature. Streptozotocin

induces IIS failure by destroying beta cells of the pancreas, and the relationship

between the failure in circulating insulin and central IIS in brain is not at all

understood. In an attempt to address these issues, we decided to generate mice

with both amyloid pathology and a clearly defined genetic lesion resulting in insulin

resistance. We used mice lacking IRS2 that exhibit insulin resistance with high

levels of circulating insulin (Withers et al. 1998). Previously, these mice had

been shown to have modestly increased tau phosphorylation, with cytoplasmic
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deposition of phosphorylated tau but no tangle pathology, in line with a role for

disrupted IRS2 signalling in tau pathology (Schubert et al. 2003). We crossed these

mice with the Tg2576 line expressing human APP with the Swedish mutations and

hypothesised that, if the ability to increase IIS is the reason why mice fail to

demonstrate the amyloid cascade, then in the context of depletion of IRS2 the

amyloid deposition in these mice should induce increased tau phosphorylation and,

correspondingly, enhance the known behavioural deficit (Killick et al. 2009).

At 12 months, mice lacking IRS2 had modestly increased tau phosphorylation at

some but not all epitopes (Schubert et al. 2003), In line with our hypothesis, mice

expressing both APPsw and lacking IRS2 had substantially increased tau phosphor-

ylation, again at most but not all epitopes. Surprisingly, this increase in pathology

was due to a substantial decrease in PP2a and not to GSK3, the activity of which

was in fact reduced and not increased as predicted. Even more surprising to us,

these effects were due to peripheral, not central, changes in IIS. Mice lacking IRS2

only in neurons had no change in PP2a or GSK3. We then examined the amyloid

load of the brain, expecting to see no change or possibly an increase in pathology. In

fact, we saw the reverse. Amyloid load was substantially decreased, in fact it was

almost abolished. This decrease was not due to changes in the generation of Ab, as
APP metabolism was unaffected, or to alteration in soluble Ab 1-40 or 1-42 but to a

substantial reduction in the amount of fibrillised Ab. The characteristic Ab-depen-
dent behavioural deficit of the Tg2576 animal, fear conditioning, was rescued by

loss of IRS2. Finally, we were able to show that these effects on Ab were due to an

IIS effect on Ab clearance, as the expression of transthyretin was substantially

increased in Tg2576 animals lacking IRS2. The site of action of changes in

transthyretin is interesting, as we saw no protein expression in cerebral cortex, as

others have shown previously. Transthyetin is expressed by the choroid plexus,

from where it is secreted to CSF, and in AD transthyretin is indeed altered in CSF

levels (Castano et al. 2006; Davidsson et al. 2002; Gloeckner et al. 2008; Merched

et al. 1998). This is not necessarily the only site of action of transthyretin, however,

as we also found decreased levels in AD in plasma, suggesting a failure of a

peripheral sink of amyloid either in CSF or blood.

In summary, our study, which was the first to use a precise, genetic lesion in IIS

and overexpression of APP resulting in Ab deposition, elucidated complex effects

of IIS, with an enhancement of tau phosphorylation as predicted but also a substan-

tial and unexpected decrease in Ab-related pathology (Killick et al. 2009). These

findings may explain some of the contradictory effects previously seen in animal

models of IIS disruption on AD-related pathology.

7 Conclusions and Way Forward

There can be little doubt that insulin and IGF signalling are important in under-

standing AD. The evidence is overwhelming – from genes and environment,

through cellular and animal models and in intervention studies in man (see Craft
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et al. this volume). However, although most of the evidence points to a relatively

consistent and straightforward understanding whereby insulin resistance increases

disease risk via a failure of intracellular signalling, some animal models suggest

that caution is warranted. Moving from cellular to in vivo models, complexity is

encountered, with both C. elegans and mouse studies showing that, whilst defective

IIS might enhance some pathologies, it also enhances protein aggregation clear-

ance. Given the importance of protein aggregation across neurodegeneration, this

observation is troubling. Ultimately, it is intervention studies that count, and

therapies based on enhancing IIS are in late stages of clinical development with

more underway. Our most recent findings suggest that, whilst such therapies should

continue to be developed and would be predicted to have a beneficial effect on some

aspects of AD pathology, unexpected effects and even worsening of disease may

occur. These cautionary notes suggest that further and deeper understanding of the

precise role IIS plays in AD pathology is warranted.
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PKC and Insulin Pathways in Memory Storage:

Targets for Synaptogenesis, Anti-apoptosis,

and the Treatment of AD

Miao-Kun Sun, Thomas J. Nelson, and Daniel L. Alkon

Abstract Long-term memory is stored through the activation of protein kinase C

(PKC) isozymes a and e that interact with insulin pathways in the brain, as well as

through the PKC-mediated formation of structurally specific synaptic transforma-

tions. These natural mechanistic pathways whereby the brain adaptively modifies

itself to record experience also provide a means for the brain to repair and protect

itself against neurologic disorders that destroy synapses, as occurs in Alzheimer’s

disease (AD), stroke, and head trauma.

The loss of synapses in the brains of AD patients is the only demonstrated

pathologic change that closely correlates with the loss of cognitive function.

Molecular signaling pathways controlled by PKC isozyme activation (specifically

a and e) are critically involved in the growth of new synapses, i.e., synaptogenesis,

protecting against the loss of synapses, and preventing the death of neurons, i.e.,

apoptosis. These PKC a and e pathways induce synaptogenesis in the fully differ-

entiated (adult) and aging brain as well as in the developing brain and thus directly

target critical pathologic synaptic changes in AD.

A principal mechanism by which PKC-mediated synaptogenesis occurs is the

activation and coordination of growth factors such as brain-derived neurotrophic

factor (BDNF), nerve growth factor (NGF), and insulin growth factor (IGF). PKC

isozymes have reciprocal interactions with both IGF and NGF. Insulin, IGF, and

PKC provide the neurotrophic signaling essential for neuronal development as well

as continuous neuronal and synaptic growth and survival. Stimulation of neuro-

trophic activity via the PKC and insulin signaling pathways activates anti-apoptotic

signaling cascades including the Ras-MAPP (mitrogen-activated protein kinase)

pathway and the phosphatidyl/inositol3-kinase (PI3K). IGF-1 acts on the type I

insulin receptor, resulting in the activation of PI3K/ATK and MAP kinase (MEK)/

extracellular signal-regulated kinase (ERK) pathways. These same IGF, insulin
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receptor (IR), and PKC interactions also have important impacts on the reduction of

Ab and hyperphosphorylated t in AD. Similar to PKC activity deficits, insulin

signaling insufficiency leads to a decreased Ab clearance and increased hyperpho-

sphorylated t, as well as impaired synaptogenesis and synaptic remodeling.

Increased Ab oligomers can directly produce neuronal insulin resistance as well

as directly bind to and inactivate PKC. These fundamental molecular interactions of

the PKC and insulin metabolic pathways provide a basis for the close relationship

between AD and diabetes. They also provide a mechanistic rationale for therapeutic

interventions that activate PKC a and/or e and, thereby, eliminate and/or prevent

the loss of synapses in aging, AD, and a variety of other neurologic disorders

through enhanced synaptogenesis and anti-apoptosis. A number of recent experi-

ments with animal models of AD and stroke, in fact, have provided clear evidence

of the therapeutic efficacy of activating the PKC-insulin signaling pathways and

have recently lead to FDA approval of the first, clinical trial(s) of the PKC activator,

Bryostatin, for the treatment of AD patients.

1 Introduction

In the cognitive processes of learning and memory, two signaling pathways are

essential: the insulin and protein kinase C (PKC) signaling pathways. The insulin

signaling pathway includes those activated by insulin and insulin-like growth

factors (IGFs). PKC, a family of serine/threonine kinases, is critical for synaptic

remodeling, memory storage, and neural repair, in a way similar to the insulin

signaling cascade. There are currently 12 identified PKC isoforms, which are

further divided into three subgroups, cPKC (a, bI, bII, and g), nPKC (d, e, e’, Z,
y, and m), and aPKC (z and l/i), based on their molecular structures and thus

co-factor requirements. Functional deficits of the PKC and insulin signaling path-

ways result in serous memory impairment, and their functional recovery dictates

outcome in cognitive therapies.

The brain has the highest expression of PKC in the body but was previously

considered to be an insulin-insensitive organ. While PKC functional deficits lead to

impaired learning and memory, the major health concern involving insulin is

diabetes, a group of metabolic disorders characterized by hyperglycemia that affects

hundreds of millions of people worldwide. Recent studies, however, have shown

that insulin receptors (IRs) exist in the brain (Havrankova et al. 2000), especially in

the hippocampus, mediating some brain functions. Patients with either type 1

diabetes, caused by insulin deficiency, or type 2 diabetes, the most prevalent form

of diabetes caused by insulin resistance, typically show impaired cognitive function

(Stranahan et al. 2008a; Knight et al. 2009). Insulin signaling through insulin and

IGFs has thus evolved to not only regulate glucose metabolism and energy supply

but also to control brain aging and cognitive abilities (Russo et al. 2005).

Evidence indicating the convergence of molecular pathways for memory, PKC,

and insulin regulation comes from studies of diabetes and Alzheimer’s disease
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(AD), a neurodegenerative disorder with memory loss. AD is associated with a

decline in brain PKC activity. Diabetes is one of the strongest risk factors for

developing AD among a number of vascular risk factors, including hypertension,

heart disease, and smoking, and remains so even when vascular impact is removed

(Luchsinger et al. 2005; Arvanitakis et al. 2004), revealing a two-fold increase in the

risk of developing either AD or vascular dementia in patients with Type 2 diabetes

mellitus (Stewart and Lilitsa 1999; Peila et al. 2002). Insulin resistance and hyper-

insulinemia exert a negative influence on memory and are associated with hippo-

campal atrophy (Convit et al. 2003; den Heijer et al. 2003; Luchsinger et al. 2004),

neuropathological markers of AD (see below; Petrovitch et al. 2000), deficits in

cognition andmemory (Arvanitakis et al. 2004; Peila et al. 2004), including episodic

memory, and verbal and visual memory impairments (Elias et al. 1997; Helkala et al.

1995; Perlmurter et al. 1984; Strachan et al. 1997; Venhanen et al. 1999). AD patients,

on the other hand, are also more vulnerable to developing Type 2 diabetes (Janson

et al. 2004) and have been found to have higher rates of insulin resistance, hyper-

insulinemia, and hyperglycemia compared to healthy controls (Razay and Wilcock

1994). The links between the two disorders in pathogenesis and pathophysiology are

striking, and a better understanding of their pathogenic mechanisms may have

important implications for pharmacological treatments of AD and its prevention.

2 Insulin, Insulin-like Growth Factor, and PKC Signaling

There are many similarities between pancreatic b-cells and inhibitory GABAergic

neurons. Both cell types possess specialized molecular structures for vesicular

secretion. Neural progenitor cells can be differentiated into insulin-secreting,

glucose-responsive cells (Hori et al. 2005). Both cell types synthesize and secrete

high levels of vesicular gamma-aminobutyric acid (GABA) and express a vesicular

GABA transporter (Suckow et al. 2006)). The synaptic adhesion molecules neur-

exin, neuroligin, and SynCAM, usually thought of as synapse-specific proteins, are

also present in b-cells (Suckow et al. 2008). These proteins determine whether new

synapses develop into excitatory or inhibitory synapses (Chubykin et al. 2007).

There are also many similarities between diabetes and AD at the molecular level.

One characteristic of type 2 diabetes is the fibrillization and deposition of islet

amyloid polypeptide (IAPP; Marzban et al. 2003), a peptide that is normally

co-secreted with insulin. b-cells also express high levels of amyloid precursor

protein (APP), a b-secretase (BACE), and presenilin 2 (Figueroa et al. 2001).

BACE and presenilins proteolytically cleave APP to produce b-amyloid, a peptide

whose natural function is still unknown. In both diseases, b-amyloid polymerizes

into fibrils, which are then deposited in the extracellular space. Both diseases also

exhibit hyperphosphorylation of the microtubule protein t (Miklossy et al. 2005).

These many similarities may provide clues about the normal function of APP.

Insulin, a small protein of 51-amino acid residues, is known to induce plasma

translocation of glucose transporters and increase glucose uptake in muscles and
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adipose tissues. There is very little insulin mRNA in the brain (Steen et al. 2005).

IGFs are polypeptides with sequence similarity to insulin. IGF-1, for instance, is

mainly produced in liver and small amounts of IGF-1 are also produced in the brain

(Bondy and Lee 1993). It is, thus, not clear whether the low level of possible insulin

production in the brain may play a significant functional role in neurons. Knockout

of the neuronal IR gene has been shown to cause some enhanced GSK3b activity

and tau hyperphosphorylation but does not cause cognitive deficits or neurodegen-

eration (Schubert et al. 2004). Insulin, however, can cross the blood-brain barrier

(BBB) by a saturable, IR-mediated transport process (Schwartz et al. 1990; Banks

et al. 1997; Banks and Kastin 1998). IGF-1 can also cross the BBB. The IR, a

heterotetrameric tyrosine kinase receptor, is activated by insulin binding. Insulin

binding to the extracellular IR a subunit leads to a conformational change, resulting

in autophosphorylation of intracellular tyrosine residues in the b subunit, whose

phosphorylation in turn leads to recognition and further tyrosine phosphorylation of

phosphotyrosine-binding (PTB) domains of substrate proteins, such as IR substrates

(IRS) 1-6 and the Src-homology-2-containing spinal protein (Shc). In the insulin-

sensitive peripheral tissues, IR activation results in trafficking of GLUT4, the

insulin-dependent glucose transporter, to the plasma membrane, thus increasing

glucose uptake. Phosphorylation of IRS-1, Shc and Grb2 results in activation of

ERK/MAPK and downstream transcription factors CREB and Elk-1.

IR activation also activates phosphatidylinositol 3-kinase (PI3K), resulting in

formation of phosphatidylinositol triphosphate (Gasparini et al. 2002; Launer 2005;

Gispen and Biessels 2000), an AKT activator. AKT in turn phosphorylates and

inactivates both a and b cytosolic forms of glycogen synthase kinase 3 (GSK3;

Schubert et al. 2004), BAD (pro-apoptotic) and modulates down-stream TOR

(target of rapamycin) regulation of translation. Insulin-mediated AKT activation

is required for insulin-induced upregulation of insulysin (insulin-degrading

enzyme), whose substrates include Ab40 and Ab42. Reduction in insulin signaling

and insulin resistance thus leads to decreased insulysin activity. AKT also inhibits

GSK3a, which stimulates Ab generation through g-secretase (Phiel et al. 2003).
Insulin and PKC signaling cascades are highly correlated in functional regula-

tion. Both of their activities are required in activity-dependent synaptic remodeling

in the hippocampus (Hori et al. 2005; see below). It has been shown that PKCa
regulates the IGF-1 receptor in adult and embryonic rat cardiomyocytes (Maniar

et al. 2005). IGF-1 also activates PKCa, whose activity is required for IGF-1-

stimulated PI3K activation (Maniar et al. 2005).

3 Synaptic Transmission and Synaptogenesis

Synapses are where the majority of communications between neurons occur, and

their number and strength determine cognitive abilities. PKC and insulin signaling

regulates synaptic transmission and function. Cholinergic and glutamatergic trans-

missions in the hippocampus and cortex, for instance, are essential to many types of
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learning and memory and are under functional regulation by insulin and PKC

signaling cascades. In the prefrontal cortex, muscarinic acetylcholine receptor

activation enhances GABAA receptor-mediated current in the pyramidal neurons

through a PKC-dependent, Src-mediated signaling cascade that is gated by an

insulin/PI3K pathway (Ma et al. 2003). NMDA receptor activation elicits the

activity-dependent remodeling of postsynaptic structures in the hippocampal neu-

rons and postsynaptic response, involving a PKC-dependent synaptic translocation

of IRS p53 (Hori et al. 2005), since PKC activators induce and PKC inhibitors

suppress its synaptic translocation.

Synaptic formation and remodeling regulate the function of synaptic networks

and may play key roles in recovery after brain injury (Brown et al. 2007) and in

learning and memory (Brown et al. 2007). Dendritic spines, the post-synaptic

structures important for plasticity, are heterogeneous in shape and structure. Spines

function as bridges between axons and postsynaptic contact sites for most of the

excitatory synapses in the mammalian brain (Fischer et al. 1998; Yuste and Denk

1995) and are modifiable. They can be roughly divided into two groups: small

spines and large spines. The former are dynamic and are generated during activity-

dependent processes in acquisition of memories and change form rapidly, either

disappearing or transforming into large spines. The latter, such as mushroom

spines, survive for months or even years, providing a structural basis for memories.

Synaptic formation requires a complex coordinated interaction between pre- and

post-synaptic structures: an accumulation and organization of synaptic vesicles at

the presynaptic level with signaling pathways and vesicle fusion mechanisms

operable at high speed and a postysynaptic density at excitatory synapses. Synap-

togenesis involves forming a contact and stabilizing into a functional and mature

synapse. A dendritic process at an excitatory synapse, for example, could be either

initiated by the growth of a highly motile filopodium, which stabilizes as a dendritic

spine when in contact with an axon terminal (Ziv and Smith 1996), or a direct

growth of a spine from the dendrite without the initial formation of a filopodium

(Engert and Bonhoeffer 1999; Jourdain et al. 2003) or a presynaptic contact (De

Roo et al. 2008; Knott et al. 2006). The activity-dependent remodeling of synaptic

structure and strength is a fundamental process in learning and memory, involving

over a hundred proteins, enzymes, and messengers as well as the interplay between

insulin and PKC signaling cascades. Synaptogenesis depends on the recruitment of

integrins (Webb et al. 2007) and cell adhesion molecules (CAMs), which may

stabilize the cytoarchitecture in pre- and post synaptic sites. a5-Integrin signaling,

for instance, regulates spine morphogenesis and synapse formation in hippocampal

neurons via Src kinase, Rac, and the signaling adaptor GIT1 (Webb et al. 2007).

Knockdown of a5 integrin expression with small interfering RNA decreases the

number of dendritic spines and synapses (Webb et al. 2008). Migration of the

integrin receptor triggers the arachidonic acid cascade, resulting in astrocytic

facilitation of excitatory synaptogenesis, which can be blocked by inhibition of

integrins and PKC (Hama et al. 2004). PKC activation also underlies GABAergic

inhibitory synaptogenesis (Meier et al. 2003). Learning, PKC activation, and IGF-1

activation induce synaptogenesis in the dorsal hippocampal CA1 field ( Hongpaisin
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andAlkon 2007; O’Kusky et al. 2000). Activation of PKCa leads to an up-regulation
of neuronal ELAV proteins and GAP-43 protein, GAP-43 mRNA stabilization

(Pascale et al. 2005). It is also known that PI3K activation induces synaptogenesis

in adult neurons and is required for synaptic maintenance (Martin-Pena et al. 2006).

The synaptogenesis activity of PI3K also requires AKT. The BDNF-TrkB-PI3K-

AKT pathway is involved in the NMDA receptor activation-induced delivery

of PSD-95 to dendrites in synaptogenesis (Yoshii and Constantine-Paton 2007).

GSK3 overexpression, on the other hand, exhibits an anti-synaptogenetic effect

(Martin-Pena et al 2006).

During brain aging and cognitive diseases, synapses are gradually lost or become

functionally deficient. For instance, AD is functionally characterized in early stages

by memory impairment, resulting from synaptic failure (Selkoe 2002). Soluble Ab
oligomers, the neurotoxic form (Shankar et al. 2008), induce the loss of synapses

(Sleary et al. 2005; Shugrue et al. 2010). Diabetes is also associated with reduced

dendritic spine density (Magarinos and McEwen 2000; Martinez-Tellez et al.

2005), whereas physical exercise enhances neuronal structures (Strabahn et al.

2007; Redila and Christie 2006). The same types of synaptic changes are also

consistently observed in animal studies. Axon regeneration requires MAP kinase

activity (Hammarlund et al. 2009). Experimental diabetes induced by streptozoto-

cin, a diabetogenic agent that induces a well-characterized experimental model of

type I diabetes, is associated with retraction and simplification of apical dendrites of

hippocampal CA3 pyramidal neurons and with an increased glucocorticoid reactiv-

ity to stress in rats (Magariños and McEwen 2000). Middle-aged rats fed a high fat/

glucose diet show reduced hippocampal dendritic spine density and hippocampal

BDNF expression and spatial learning impairment, associated with diabetic energy

and lipid metabolism (Stranahan et al. 2008).

4 PKC, APP, and Synaptogenesis

There is increasing evidence that PKC is necessary for synaptogenesis. During

development, synaptosomal PKCg reaches a peak around postnatal day 14, which is
a critical period of synaptogenesis (Shearman et al. 1991). Contact of neurons with

astrocytes induces synaptogenesis, which is mediated in part by integrin receptors

and PKC (Hama et al. 2004). During learning, maturation of dendritic spines is

accelerated by PKC activators and blocked by PKC inhibitors, indicating that

memory-specific synaptogenesis also requires PKC (Fig. 1; Hongpaisan and

Alkon 2007). Activation of PKC by the experimental drug bryostatin can also

induce synaptogenesis in inactive animals with fully developed nervous systems

(Sun et al. 2008). Inhibition of MAP kinase reduces neurite outgrowth (Mundy et al.

2008), suggesting the involvement of the PKC-Ras-MAP kinase pathway.

Of course, the process of synaptogenesis involves numerous other proteins

besides PKC (Fig. 2). CAMs such as SYG-1 and 2, neurexin, and neuroligin

are necessary for synapse formation and stability (Dean and Dresbach 2006).
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The formation of a macromolecular complex between presynaptic neurexin and

postsynaptic neuroligin is an important early step in synaptogenesis (Fabrichny

et al. 2007). Neuroligin oligomerizes into multimers that function to recruit neur-

exin to cell-cell contact sites (Dean et al. 2003). Neurexin in turn interacts with

cytoplasmic scaffolding molecules CIPP, CASK/Lin-2 and Mint/Lin-10/X11a, and
possibly others, through its C-terminal PDZ binding motif (Dean et al. 2003).

Stabilization of the new cell-cell contact occurs by activation of a number

of pathways, including PKC, which is activated by arachidonic acid released by

phospholipase A2 during cell adhesion (Hama et al. 2004). PKC and its substrate

GAP-43 exert stabilizing effects on F-actin and the cytoskeleton (Larsson 2006).

Interestingly, contact with astrocytes also produces a long-lasting activation of

PKC, which phosphorylates a number of proteins, including GAP-43, MARCKS,

and adducin, leading to actin rearrangement, spinogenesis, and synaptogenesis

(Hama et al. 2004). BDNF may also indirectly activate PKC by its effect on

PLCg (Schmidt 2004). Sustained activation of PKC by pharmacological agents

such as bryostatin might short-circuit this process and stabilize nascent synapses

directly.

Fig. 1 PKC-insulin signaling pathways for synaptogenesis. PKC and insulin can both affect

synaptogenesis. The insulin receptor activates the Ras/Raf growth pathway by way of Shc protein.

ERK 1 and 2 can modulate synaptogenesis by affecting synaptosomal proteins, inducing rearran-

gements of the cytoskeleton, and by changing protein expression. PKC also activates this pathway

by activating MEK (mitogen-activated kinase). PKC modulates synaptogenesis by activating

a-secretase, which produces extracellular sAPPa, and by activating the mRNA-stabilizing ELAV

proteins and the nuclear signaling factor NF-kB. Insulin receptor substrates 1 and 2 also indirectly
activate PKC by activating the synthesis of diacylglycerol (DAG)
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Although APP is often considered only for its role in AD, both APP and sAPPa,
the secreted extracellular domain of APP, are important in synaptogenesis (Fig. 2).

APP is expressed at high levels not only on the surface of neurons but also on glial

cells. Approximately 88% of the APP protein is extracellular. Increasing evidence

suggests that this extracellular portion of APP acts as a contact receptor and

Fig. 2 Structural pathways for synaptogenesis. During synaptogenesis, contact between the pre-

and post-synaptic membranes triggers oligomerization of neuroligin, which recruits neurexin to

cell-cell contact sites. This trans-synaptic protein complex interacts with cytoplasmic scaffolding

molecules CIPP, CASK/Lin-2, and Mint/Lin-10/X11a. PKC’s role in synaptogenesis is to

stabilize the cell-cell contact by phosphorylating synaptic growth proteins GAP-43, MARCKS,

and adducin, which activate actin cytoskeletal rearrangement. PKC also activates a-secretases,
which release sAPPa and AICD, which interacts with FE65, Mena, and Mint to help stabilize the

newly formed synapse. APP also participates in neuron-glial cell adhesion
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participates in neuron-glial cell adhesion (Gralle and Ferreira 2007). The short

cytoplasmic tail of APP, in contrast, binds to FE65 proteins and to Mena, forming a

ternary complex that regulates actin (Sabo et al. 2001). AICD, the APP intracellular

domain produced by cleavage by e-secretase, also binds FE65. APP-induced

rearrangement of the cytoskeleton is essential for dendritic arborization (Leyssen

et al. 2005). In adults, APP is inserted into fast axonal transport vesicles and

transported from the trans-Golgi network to the synapses (Sisodia et al. 1993),

where it undergoes rapid turnover: part of it is cleaved by secretases, releasing

sAPPa into the extracellular medium (Fig. 2), and the remainder is recycled by the

endocytic pathway (Koo and Squazzo 1994).

Both portions of APP, the large extracellular soluble APP and the shorter

cytosolic/membrane fraction that includes AICD, are involved in synaptogenesis

and thereby play a central role in learning and memory. Knockout of APP causes

memory deficits (Dawson et al. 1999) and intracerebral injection of sAPPa
enhances memory performance (Meziane et al. 1998). The shorter, intracellular

portion of APP binds FE65 in actin-rich structures in growth cones (Ikin et al.

2007). This binding occurs between the FE65 C-terminal phosphotyrosine binding

(PTB) domain [sometimes called a phosphotyrosine interaction (PI) domain] and

the YENPTY reinternalization motif of APP. FE65, in turn, interacts via its WW

domain with Mena (Sabo et al. 2003), a protein of the Ena/VASP family that

regulates cell motility, adhesion, and growth cone dynamics. A similar cytosolic

protein, X11a/Mint-1, also binds to the YENPTY motif and participates in a series

of protein interactions that stabilize APP and carry out the structural changes

induced by APP.

The APP-binding protein FE65 also binds to the AICD fragment and translo-

cates it to the nucleus (McLoughlin and Miller 2008). In the nucleus, FE65 may act

as a transcription factor (McLoughlin and Miller 2008). FE65 also possesses a

second PTB domain, which binds to the NPXYmotif on the low-density lipoprotein

receptor-related protein (LRP; Jaeger and Pietrzik 2008). The function of this

trimeric complex of FE65, LRP, and APP is not clear, but because LRP is an

ApoE receptor, it is likely to be involved in cholesterol transport or APP processing

(Jaeger and Pietrzik 2008).

The other, larger fragment of APP, sAPPa, is a secreted factor with structural

and functional similarities to other growth factors, such as epidermal growth factor

(EGF; Caillé et al. 2004). The sAPPa protein increases neurite outgrowth (Sabo

et al. 2003), acts as a proliferative factor, and inhibits apoptotic signaling by Bad,

caspase 3, and caspase 9 (Caillé et al. 2004). sAPPa also stimulates the oxidation

of docosahexaenoic acid to produce NPD1, a lipid that is reported to repress

proinflammatory and pro-apoptotic gene expression mediated by NF-kB (nuclear

factor k B) and STAT-1 (signal transducer and activator of transcription 1; Lukiw

and Bazan 2006). Thus, sAPPamay act by a variety of pathways to protect neurons

and facilitate synaptogenesis.

The pathways that activate sAPPa production are unclear. sAPPa is produced by

cleavage of APP by a-secretases. One such enzyme is TACE (ADAM-17), which is

activated by PKC and MAP Kinase Erk 1/2 (Buxbaum et al. 1993). Thus, PKC
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activators could, in principle, accelerate the production of sAPPa and thereby

reduce Ab levels by competitively lowering the quantity of APP available to

b-secretase. Such a strategy could simultaneously promote neurorepair and block

the production of toxic Ab, which has been shown to occur in fibroblasts

(Etcheberrigaray et al. 2004) but has yet to be demonstrated in patients.

5 Neuronal Survival, Neurogenesis, and Anti-apoptosis

Brain growth factors are essential to neuronal survival, neurogenesis, and anti-

apoptosis in adults (Stewart and Liolitsa 1999). Insulin, IGFs, and PKC provide the

neurotrophic signaling that is essential for not only synaptogenesis but also neuro-

nal development and continuous growth and survival. Apoptosis, a form of pro-

grammed cell death, is responsible for a variety of neuronal injuries and cognitive

damage related to neurodegenerative disorders. Stimulation of the neurotrophic

activity of the PKC and insulin signaling pathways activates anti-apoptotic signal-

ing cascades (Sun et al. 2008, 2009), including the Ras-MARP pathway (Walker

et al. 1998; Datta et al. 1997; Kurada and White 1998) and the PI3K (Klesse and

Parada 1998). IGF1, for example, is a well-established neurotrophic signal for

proliferation, survival, and differentiation of neuronal and glial progenitors

(Aberg et al. 2000; Hsieh et al. 2004; Vicario-Abejon et al. 2003). IGF-1 acts on

the type I receptor, resulting in an activation of PI3K/ATK and MEK/extracellular

signal-regulated kinase (ERK) pathways. IGF-1 regulates adult neurogenesis

(Aberg et al. 2000; Carro et al. 2001), enhances cell proliferation and differentiation

(Aberg et al. 2000), and mediates exercise-induced neurogenesis (Trejo et al. 2001).

Transgenic mice overexpressing IGF-1 show increases in cortical cell number

(Popken et al. 2004). Neurogenesis involves reducing the G1 phase and recruiting

additional cells into the cycle, suggesting a mitogenic role for IGF-1 (Hodge et al.

2004). Activation of IGF-1 promotes G1/S cell cycle progression via the PI3K/Akt

pathway in developing rat cerebral cortex (Mairet-Coello et al. 2009). IRS-1 also

associates with the loop domain of Bcl-2 and synergistically up-regulates the anti-

apoptotic function of Bcl-2 (Ueno et al. 2000). Activation of these neurotrophic-

signaling cascades results in phosphorylation of Bad and thus suppression of

apoptosis (Datta et al. 1997; del Peso et al. 1997; Weinreb et al. 2004). PKCa
and e are also known to associate with Bcl-2 members to produce neuroprotection

(Hevener et al. 2000).

6 Insulin, PKC, and Learning and Memory

Insulin signaling and PKC are important co-players in learning and memory

(Fig. 1). Both are up-regulated and undergo translocation after acquiring associative

memory (Zhao and Alkon 2001; Zhao et al. 1999; Bank et al. 1988; Alkon et al.

2007). Although glucose is the major energy source for the central nervous system
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and cognitive functions, its uptake, transport, and utilization in the brain do not

depend on insulin (Zhao et al. 2004). However, hippocampal perfusion and glucose

metabolism are consistently reduced in patients with mild cognitive impairment

and AD (Rodriguez et al. 2000; De Santi et al. 2001). There is also a recent

discovery that the hippocampus, where IRs exist (Park 2001), expresses the

insulin-regulated glucose transporter, GLUT4 (Piroli et al. 2007; Fernando et al.

2008), which may represent one mechanism by which insulin affects cognition. The

hippocampal GLUT4 appears to mediate glucose uptake, especially the activity-

dependent uptake, into the pyramidal cells, since the uptake can be reduced by

indinavir (Fernando et al. 2008), a glucose transporter inhibitor. However, insulin

itself does not affect the GLUT4-mediated glucose uptake into the hippocampal

neurons (Fernando et al. 2008), suggesting a different molecular control pathway.

The neuronal effects of insulin (Fig. 3) involve at least three main actions: a

direct action of insulin on signal processing functions of the neurons, an action

through GSK3, and its impact on amyloidosis. The first two appear beneficial in

terms of learning and memory, but the third one is troublesome. Peripheral insulin

administration is complicated because of its impact on glucose concentrations.

In humans, intravenous insulin administration has also been reported to facilitate

Fig. 3 3D model of human insulin hexamer, based on the data from Chang et al. (1997). Insulin is

normally found as a symmetric hexamer composed of three symmetrically arranged insulin

dimers. The complex is coordinated by histidines to two central zinc ions
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memory (Craft et al. 2003). Such administration may impair, rather than enhance,

learning and memory, possibly due to sedative effects associated with changes in

glucose levels (Akanmu et al. 2009). Intracerebrovascular administration or micro-

injection of insulin into the rodent hippocampal CA1 region has been shown to

improve spatial memory consolidation and retrieval (Moosavi et al. 2007) and

passive avoidance memory (Park et al. 2000; Babri et al. 2007). There is a

learning-specific increase in the expression of the IRs and insulin signaling path-

ways in the hippocampus (Zhao et al. 1999, 2004; Dou et al. 2005). However, the

direct actions of insulin on learning and memory are limited by insulin resistance in

the brains of diabetics and in some AD patients. Furthermore, cognitive functions

and neurogenesis are impaired in subjects of either type 1 or type 2 diabetes, as well

as in both diabetes types of animal models (Gispen and Biessels 2000; Dou et al.

2005; Biessels et al. 1998; Kamal et al. 2006; Biessels and Gispen 2005; Lang et al.

2008), suggesting that lower insulin concentrations alone may not explain the

impaired learning and memory and synaptic strength. Diabetes patients show

hyperactivation of the hypothalamic-pipuitary-adrenal (HPA) axis, resulting in

elevated cortisol levels (Messier 2005; Desrocher and Rovet 2004). Evidence has

also been provided that the diabetes-induced impairment of cognition, neurogen-

esis, and synaptic strength is mediated by hyperactivation of the HPA axis and thus

elevated levels of glucocorticoids (Stranahan et al. 2008a). Lowering corticosterone

prevents the diabetes-induced impairment of learning and memory in insulin-

deficient and insulin-resistant rodents (Stranahan et al. 2008a), consistent with

the glucocorticoid effects on neural structures and functions (Gould et al. 1992;

Montaron et al. 2006).

Insulin inactivates GSK-3 through a PI3K-AKT signaling pathway, resulting in

phosphorylation of both GSK-3b and GSK-3a isoforms. The insulin-mediated

GSK-3 inhibition may have beneficial effects in reducing tau protein hyperpho-

sphorylation (Park 2001) and Ab (Phiel et al. 2003; Su et al. 2004), although it

remains to be determined how large a role insulin insufficiency may play in tau

hyperphosphorylation and Ab accumulation in AD brains.

Activation of PKC enhances learning and memory (Hongpaisan and Alkon

2007; Sun and Alkon 2006; Sun et al. 2008; Nelson et al. 2008). Depending on

the particular isforms activated, activation of PKC results in a facilitation of

signaling processing, protein synthesis and synaptogenesis, synaptic remodeling

and repairing, and Ab degradation, as well as reduction in amyloidosis and tau

hyperphosphorylation (see below).

7 Insulin Pathways, Insulysin, PKC, and AD

The converging epidemiological and clinical evidence suggests that insulin resis-

tance significantly increases the risk of developing AD. Patients with AD are also

more likely to have insulin resistance. The main putative mechanism in the AD

pathogenesis is elevation of soluble Ab and Ab oligomers in the brain, especially in
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the hippocampus and related brain structures. Recent data suggest that several

actions of insulin resistance may play an important role in AD progression or

even AD pathogenesis, including an inhibition of cerebral BBB Ab clearance and

insulysin-mediated degradation of Abs, anti-synaptogenesis via GSK, in addition to
a reduced expression of insulysin associated with insulin resistance. Insulysin

deficits in expression are sufficient to cause both Type 2 diabetes mellitus and

amyloidosis. However, the effectiveness of insulysin deficiency in inducing the two

disorders does not necessarily mean that the enzyme is an actually dominant AD

factor. It is, however, clear that pathophysiological processes such as cerebral Ab
imbalance between formation and clearance precede the clinical symptoms of AD.

In the progression of AD, the Ab balance in the brain shifts from Ab clearance

to deposition. Ab accumulation damages insulin and PKC signaling pathways

(Favit et al. 1998; Lee et al. 2004) and could be the direct result of an insufficiency

of the insulin or PKC signaling pathways or both. The evidence points to a

pathogenic role of PKC and insulin signaling insufficiencies in neurodegeneraitve

disorders and suggests that restoration of the signaling pathways may have thera-

peutic values for AD treatment and prevention, i.e., to arrest the pathological

processes before they result in clinical dementia.

A direct link between diabetes and AD is the evidence that abnormally high

insulin levels or brain insulin resistance facilitates amyloidosis (Ho et al. 2004).

Insulin promotes the release of intracellular Ab in neuronal cultures (Gasparini

et al. 2001) and reduces cerebral Ab clearance. The latter involves an insulin-

induced inhibition of the cerebral Ab clearance: clearance through the BBB to

circulating blood through efflux transport of intact Abs and inhibition of degrada-

tion mediated by insulysin. One of the possible carriers/transporters for BBB Ab
clearance is the IRs expressed in the brain capillary endothelial cells. The IRs

mediate transport of insulin across the BBB by transcytosis (Pardridge et al. 1995)

and can bind Abs (Xie et al. 2002). Cerebral BBB Ab clearance is thus inhibited by

insulin and is reduced in aging (by about 30% in 23-month-old rats as compared to

7-week-old rats: Shiiki et al. 2004).

Insulin inhibits Ab degradation by insulysin (Fig. 4) in the brain (Shiiki et al.

2004; Qiu et al. 1998; Rizk et al. 2006; Perez et al. 2000; Zhu et al. 2005). Insulysin,

an important regulator of extracellular Ab levels, including the neurotoxic Ab40
and Ab42 (Qiu et al. 1998; Vekrellis et al. 2000; Song and Hersh 2005; Mukherjee

et al. 2000), exists in the hippocampus, where its levels are reduced in AD patients

who express the apolipoprotein e4 allele (Cook et al. 2003). The enzyme is a thiol

zinc metalloendopeptidase, about 110 kd, primarily located in the cytosol but also

in the peroxisomes and endosomes, on the cell surface, and in the extracelluar space

(secreted). Its action prevents both the neurotoxic effects of the amyloid and their

ability to deposit onto amyloid plaques. Shen et al. (2006) crystallized insulin-

degrading enzyme (also known as insulysin or insulinase) bound to insulin B chain

and to b-amyloid and found that the enzyme consists of two domains (IDE-N and

IDE-C), representing the N- and C-terminal regions. These two domains form an

enclosed chamber that opens, engulfs the peptide substrate, and then closes again,

chewing up the peptide at multiple sites like a molecular Pac-man. In the absence of
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substrate, the chamber is normally closed. Mutations of IDE that promote opening

of the catalytic chamber increase the catalytic rate by up to 40-fold (Shen et al.

2006). Thus, small molecules that convert IDE to a normally open configuration

could behave as powerful activators.

In addition to insulin B chain and b-amyloid, insulin-degrading enzyme proteo-

lyzes glucagon, TGF a, b-endorphin, amylin, and many other signaling peptides.

IDE substrates all possess certain similarities. The peptide must have a 7- to

13-amino acid region containing a large hydrophobic group (Phe on Ab, Tyr on
insulin B) capable of forming a b-sheet. The catalytic portion of IDE (IDE-N) binds

to the b-sheet and to the first three to five N-terminal amino acids of the peptide.

Since the interior of the cavity is positively charged, the peptide must also be

neutral or acidic. The peptide must also be smaller than about 6 kDa to fit inside the

digestive cavity of IDE. These X-ray crystallographic results will be of great benefit

in designing modulators of IDE and other b-amyloid-degrading enzymes.

Interestingly, insulin-degrading enzyme is also an important receptor for

varicella-zoster virus (VZV) glycoprotein E (Li et al. 2006). Binding of this protein

to IDE is important for cell-to-cell spread and infectivity (Ali et al. 2009). VZV is a

neurotrophic herpes virus similar to herpes simplex virus type 1 (HSV1), which has

been suggested as a possible etiological factor in AD (Itzhaki and Wozniak 2008).

Evidence suggests that homozygous deletion of insulysin in mice leads to a

�65% elevation of endogenous cerebral Ab40 levels (Rizk et al. 2006; Song and

Fig. 4 Ab cleavage sites. Endothelin-converting enzyme (ECE), neprilysin, and insulysin (also

known as insulin-degrading enzyme) have all been shown to proteolytically degrade Ab in vivo. The
cleavage sites of these three enzymes tend to cluster around Lys-16 of Ab, which is also the cleavage
site of a-secretases. However, insulyzin and ECE also cleave Ab at several other sites. MMP-9

(matrix metallopeptidase 9) can also degrade Ab at a number of sites. Neprilysin is regulated by

nicastrin, which is a component of the g secretase complex that produces Ab. Neprilysin also

proteolyzes a number of other signaling peptides, including atrial natriugenic factor, substance P, and

enkephalins. Likewise, insulysin hydrolyzes a number of other peptides, including insulin and

amylin. Activators of these enzymes have potential benefits as anti-Alzheimer drugs.

Another clearance pathway is efflux of Ab through the blood-brain barrier (BBB). This clearance is

mediated primarily by LRP1 (low-density lipoprotein receptor-related protein; Bell et al. 2007),

possibly by a transcytosis mechanism. However, other possible clearance mechanisms include the

receptor for advanced glycation end products (RAGE), sequestration by Ab carrier proteins such as

apolipoprotein E and a 2-macroglobulin, and endocytosis followed by degradation (Nazer et al.

2009). LRP1 at the BBB is reported to be downregulated in streptozotocin-induced diabetic mice

(Hong et al. 2009), which may contribute to Ab accumulation in diabetes
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Hersh 2005; Miller et al. 2003). Partial loss-of-function mutations (about 15 to 30%

deficits) in insulysin sufficient to cause Type 2 diabetes also impair Ab degradation

(Farris et al. 2004), suggesting that other Ab-degrading enzymes are insufficient to

compensate for the reduced catalytic efficiency of insulysin in neurons. Insulysin is

sensitive to oxidative damage (Shinall et al. 2005) and impaired insulin degradation

is related to late-life verbal memory decline (Okereke et al. 2008). Excess insulin

inhibits the degradation of Ab40 and Ab42, largely because of its higher binding

affinity for the insulysin (km � 0.1 mM; Aberg et al. 2000), whereas both Ab
derivatives weakly inhibit insulin degradation in a dose-dependent manner (km >
0.2 mM). In humans, peripheral infusion of insulin leads to increases Ab levels in

the cerebrospinal fluid (Watson et al. 2003), and insulin treatment in diabetes has

been shown to accelerate AD (Pardridge et al. 1995). In rats, cerebral insulin at 300

ng/ml significantly increases Ab levels in the brain (Shiiki et al. 2004). Thus, it

remains to be investigated extensively whether intranasal administration of insulin

(Luchsinger et al. 2004), which bypasses the BBB and thus avoids the systemic side

effects of insulin, may be beneficial to AD patients, although some studies have

already shown cognitive benefits (Okereke et al. 2008; Watson et al. 2003; Hallsch-

mid et al. 2007; Hanson and Frey 2008; Reger et al. 2008).

8 Treatment of AD via Targeting the PKC and Insulin

Signaling Pathways

AD, a devastating neurodegenerative disorder with impaired memory and cogni-

tion, is pathologically characterized by extracellular senile plaques of mainly

aggregated fibrillar insoluble Ab and intracellular neurofibrillary tangles of

hyperphosphorylated tau protein, pathophysiologically by synaptic dysfunction,

and clinically by a progressive dementia. Abnormal processing and accumulation

of the neurotoxic amyloid are believed by many to be the primary causative AD

factors, responsible for synaptic dysfunction and impaired synaptogenesis in the

early disease stages and neuronal loss/death at a late stage. It should be noted,

however, that the Abs, including the major neurotoxic forms Ab40 and Ab42, are
normally and continually produced in the brain (Zou et al. 2005) and may have

physiological functions (Pusso et al. 2008), suggesting that eliminating Abmay not

be entirely therapeutically beneficial. Although overproduction of the neurotoxic

Abs has been implicated in some early-onset familial AD cases, which account for

only <5% of the entire AD population, the Ab accumulation in the sporadic AD

brains occurring in the majority of AD cases most likely results from an insufficient

Ab clearance, since the rate of neurotoxic Ab production in most sporadic AD brain

is unchanged (Selkoe 2001; Wang et al. 2003). One strategy, therefore, for AD

treatment is to restore the Ab clearance/removal. The proteases capable of

degrading Ab include insulysin, neprilysin, endothelin-converting enzyme, the

uPA/tPA/plasminogen system, and angiotensin-converting enzyme. Their deficits
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in functions, especially insulysin and neprilysin, shift the Ab balance towards

accumulation and represent important therapeutic targets for AD treatment. Evi-

dence suggests that reductions in the insulin signaling cascade, such as those

occurring in insulin resistance, provides a signal for a reduced expression of

insulysin (Zhao et al. 2004). Transgenic overexpression of insulysin in neurons

has been shown to significantly reduce brain Ab levels, retard or completely

prevent amyloid plaque formation, and rescue the premature lethality in trans-

genic AD mice (Leissring et al. 2003). Importantly, PKCe activation markedly

enhances Ab degradation (see below).

Deficits of PKC and insulin signaling pathways appear, on the other hand, to

play essential roles in AD pathogenesis (Alkon et al. 2007; Watson and Craft 2004).

Dysfunction of PKC and insulin signaling is associated with the development of

AD and other neurodegenerative disorders (Alkon et al. 2007). Brain insulin and

IRs are reduced in AD (Steen et al. 2005; Rivera et al. 2005; Frolich et al. 1998;

Craft et al. 1998), with higher levels of plasma insulin. IGF-1 receptor blockers

have been shown to produce amyloidosis and hyperphosphorylated tau (Carro et al.

2006). Deficits in one signaling pathway can facilitate signaling insufficiency of the

other, initiating a deteriorating pathological cycle. PKC signal deficits downregu-

late IR gene transcription (Yamamoto et al. 2000). In a recent study, induction of a

PKC-dependent (blocked with calphostin C) up-regulation of IR expression was

shown to reduce insulin resistance (Kong et al. 2009). Similar to PKC activity

deficits, insulin signaling insufficiency leads to impaired synaptogenesis and syn-

aptic remodeling due to the lack of neurotrophic activity, a decreased Ab clearance,

and an increased hyperphosphorylated tau. The increased Ab oligomers can directly

produce neuronal insulin resistance. Dendritic IRs are virtually eliminated after 30

min of exposure of cultured hippocampal neurons to Ab oligomers (Zhao et al.

2008), suggesting that insulin resistance in AD brains may be the result of Ab
oligomers-induced IR deficits (redistribution from the dendrites). Patients with

diabetes have insulin resistance in the brains, judging by a functional decrease in

IR-mediated signal transduction in the brain (Ho et al. 2004), and have increased

amyloid plaques and neurofibrillary tangles in the hippocampus at autopsy (Peila

et al. 2002). Intracerebroventricular administration of streptozotocin (STZ) to

deplete brain insulin produces brain insulin resistance and progressive neurodegen-

eration and hyperphosphorylated tau (Grunblatt et al. 2007; de la Monte et al. 2006;

Zhang et al. 2008). Peripheral STZ administration has also been found to impair

adult hippocampal neurogenesis (Stranahan et al. 2008a; Ali et al. 2009). Insulin

resistance caused by a high fat diet is associated with reduced insulysin levels,

decreased PI3K and AKT activation and increased amyloidosis (Ho et al. 2004),

probably the results of reduced insulysin and increased GSK3a. Animals with

selective deletion of the insulysin gene show the hallmark phenotypic character-

istics of AD and type 2 diabetes mellitus, i.e., chronic elevation of cerebral Ab,
hyperinsulinemia, and glucose intolerance (Rizk et al. 2006), indicating strong links

in pathogenesis between the two disorders (Watson and Craft 2004). Consistent

with this linkage is the observation that aging is associated with reduced insulysin

activity, especially in the hippocampus (Caccamo et al. 2005).
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Insulin/IGF-1 and PKC signaling pathways may thus serve as potential therapeutic

targets in AD. PKC activators reduce the rate of Ab formation (Etcheberrigarary et al.

2004), in part via activating a-secretase and thus producing soluble APP fragment

a (sAPPa) instead of the neurotoxic Abs through b and g-secretases. Activation of

PKCe, in addition, increases the activity of endothelin-converting-energy (ECE),

which catalyzes the degradation of Ab (Nelson and Alkon 2009). Over-expression

of PKCewas also previously shown to markedly reduce Ab plaques in AD transgenic

mice. (Choi et al. 2006) Synaptogenesis and synaptic remodeling are impaired in AD

and other dementia (Sun et al. 2008). Enhancing insulin signaling in the central

nervous system is a potential strategy for AD intervention to correct the insulysin

deficits in AD (Zhao et al. 2004). CNS insulin can be a protective agent against

memory impairment induced by ischemia (Rizk et al. 2006), lesions (De Castro et al.

1976), chronic stress (Moosavi et al. 2007), and some pharmacological agents.

Expression of IGF-1 increases after injury, protecting and rescuing hippocampal

neurons from neurotoxic amyloid (Dore et al. 1997). In a recent study, Kuhad et al.

(2007) reported that inhibition of NF-kb with tocotrienol prevented spatial memory

deficits in STZ-induced diabetic rats. Improving insulin sensitivity pharma-

cologically is expected to benefit both AD and diabetes patients. Removing insulin

resistance restores the impaired neurotrophic activity and GSK inhibition and

increases the expression and function of insulysin for Ab clearance and BBB Ab
clearance. Insulin itself, however, is not a good therapeutic candidate, since it

enhances Ab release from neurons, competes with neurotoxic Abs for cerebral

BBB Ab clearance and available insulysin, and produces hypoglycemia if adminis-

tered systemically.

Oligomerized Ab (also known as Ab-derived diffusible ligands, or ADDLs)

produces a downregulation of insulin receptors in the plasma membrane. When the

insulin receptors are occupied by insulin, this downregulation is prevented (De

Felice et al. 2009). The downregulation also can be blocked by inhibitors of calcium

calmodulin-dependent kinase II (CaMKII) and casein kinase II (CK2), suggesting

that these kinases may play important roles in mediating the synaptic loss caused

by Ab.
Other neurohormones related to insulin are less beneficial than insulin. IGF-1

promotes phosphorylation of APP at Thr668 (Araki et al. 2009). This site appears to

be critical in determining the amyloidogenic fate of APP. Phosphorylation of this

site after treatment with IGF-1 increases the rate of cleavage by g-secretase,
increasing the levels of extracellular Ab (Feyt et al. 2007). Phosphorylation of

Thr668 is increased in AD patients (Lee et al. 2003), suggesting that this mecha-

nism may contribute to AD. Phosphorylation of APP can be mediated in vivo by a

number of protein kinases, including GSK3b, SAPK1b/JNK3, Cdc2, and Cdk5

(Lee et al. 2003). However, the precise roles of IGF-1 and Thr668 are still not

completely understood.

Improving insulin sensitivity through diet, exercise (Hevener et al. 2000; De

Angelis et al. 1999; Mayer-Davis et al. 1998), and drugs is important for diabetes

treatment and may also benefit those patients at risk for AD. IR modulators that are

not substrates of insulysin may possess such therapeutic potential, especially those
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that lead to a selective insulysin activation towards Ab relative to insulin (Song

et al. 2003). Small peptide substrates have been shown to increase the activity of

insulysin toward Ab40 hydrolysis without affecting its catalytic activity to insulin

(Song et al. 2005). Consistent with this line of therapeutic hypothesis is the

evidence that IGF-1 blocks amyloid toxicity by increasing survival signaling

through ERK and PI3K (Wei et al. 2002).

Particularly interesting are the so-called insulin sensitizers, a class of agents

named the thiazolidinediones, including rosiglitazone and pioglitazone. These are

agonists for the peroxisome proliferator-activated receptor-gamma (PPAR-g),
whose activation maintains an appropriate level of expression of key gluco- and

liporegulatory molecules and protein involved in the transduction of insulin signal-

ing, thus improving insulin sensitivity (Schmidt 2004; Malinowski and Bolesta

2000). Rats fed a high-fat diet exhibit characteristic features of insulin resistance

(hyperglycemia, hypertriglyceridemia, hypercholestrolemia, and hyperinsuline-

mia) and severe spatial memory deficit. Peripheral rosiglitazone administration

(5 mg/kg, p.o. for seven days) lowers the plasma glucose, triglycerides, cholesterol,

and insulin levels and improves spatial memory in these rats (Pathan et al. 2008).

Chronic rosiglitazone (5 mg/kg, p.o., for 10 weeks) has also been shown to prevent

cognitive impairment in an object recognition test in transgenic AD mice

(Escribano et al. 2009). These observations suggest that peripheral insulin sensitiza-

tion is sufficient to improve learning and memory, since the compound does not cross

the intact BBB (Pederden et al. 2006). One possibility is that the drug acts on the

down-regulation of insulin transport associated with insulin resistance and chronic

peripheral hyperinsulinemia (Baura et al. 1996). Pioglitazone treatment has also been

reported to restore PKC signaling from deficiency (Yamagishi et al. 2008). PKC

signaling appears to be involved in insulin resistance but reports differ in which

direction. There is a report that PKCy-dependent phosphorylation of phosphoinosi-

tide-dependent protein kinase-1 (PDK1) contributes to palmitate-induced insulin

resistance (Wang et al. 2009). On the other hand, atypical protein kinase

Cl. deficiency has been shown to be sufficient to induce systemic insulin resistance,

reduced glucose tolerance, abdominal obesity and dyslipidemia in mice (Farese et al.

2007). The impact of glucocorticoids is also worth careful consideration. Glucocorti-

coid exposure reduces insulin action, probably through inhibition of IR binding and

alteration of several components of the insulin signaling pathway, resulting in insulin

resistance. Glucocorticoids inhibit insulysin activity, its expression in the hippocam-

pus (Kulstad et al. 2005), and binding to insulin.

At the core of cognitive impairment and therapy is the ability of the neural

network to support the synaptogenesis and synaptic strength changes required by

memory demands. PKC and insulin neurotrophic signaling insufficiency, increased

Ab oligomers and GSK activity all exert potent activity of anti-synaptogesis and

damage the neural ability to maintain synaptic strength. Restoration of the cerebral

Ab balance is the therapeutic goal in AD treatment and prevention and may be

achieved effectively through enhancing neurotrophic and insulysin activity. People

at risk for AD especially benefit from treatment for insulin resistance. Development
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of the agents that activate or dis-inhibit insulysin would be a viable therapeutic

strategy for the treatment of AD and is worth more intensive research efforts

and resources.

9 Concluding Remarks

An emerging view arising from the results reviewed above suggests that:

1. AD is a disease of synapses that involves the molecular dysregulation of

synaptogenesis in the aging brain;

2. The amyloidogenic-pathophysiologic pathway in AD serves in a physiologic

capacity to regulate synaptogenesis;

3. PKCa and e pathways play central roles in synaptogenesis in development,

learning and memory in the mature nervous system, in protecting against the

degenerating nervous system, and neurorepair; and

4. insulin signaling pathways also regulate synaptogenesis in physiologic and

pathophysiologic conditions that contribute to AD.

According to this view, PKC signaling regulates normal and abnormal synapto-

genesis, particularly the abnormalities that occur in AD. Similarly, insulin signaling

regulates normal and abnormal glucose utilization, particularly as the abnormality

occurs in diabetes. Because these two phenomena, synaptogenesis and glucose

utilization, involve important interaction and interdependence in brain metabolism,

it is not surprising that AD and diabetes appear to show mutual vulnerabilities. This

emerging view is also consistent with new therapeutic strategies that facilitate

synaptogenesis by means of PKC activation as well as optimized insulin signaling

that cannot involve only exogenous insulin itself.
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Diet, Abeta Oligomers and Defective Insulin

and Neurotrophic Factor Signaling

in Alzheimer’s Disease

Greg M. Cole, Qiu-Lan Ma, Fusheng Yang, Atul Deshpande,

Oliver Ubeda, and Sally A. Frautschy

Abstract Epidemiology suggests that the risk for developing Alzheimer’s disease

(AD) is reduced by the dietary omega-3 fatty acid docosahexaenoic acid (DHA) and

increased by type II diabetes, corresponding to diet-induced obesity (metabolic

syndrome). The brains of AD patients show evidence of insulin resistance, includ-

ing insulin and neurotrophic factor signaling defects. We investigated whether the

insulin signaling defects play a causal role in the loss of dendritic spines and arbor,

which is associated with memory loss in AD brain. We focused on evaluating

increases in cytosolic hyperphosphorylated insulin receptor substrate 1 (IRS-1) and

losses of total cytosolic IRS-1, which are signatures of insulin resistance. IRS is

critical as an adaptor protein, coupling insulin/trophic receptors to survival sig-

naling via Akt (a serine threonine protein kinase). We demonstrated in cultured

neurons that hyperphosphorylation of IRS-1 accompanied the Ab oligomer (AbO)-
induced loss of dendritic spines and arbor and the increases in the levels of

phosphorylated tau (pTau) and activated c-Jun N-terminal kinase (JNK), a known

tau kinase; these effects were antagonized by JNK-specific inhibitors as well as by

omega-3 fatty acid DHA, a non-specific inhibitor of JNK. We observed IRS-1

signaling defects in three trangenic models of AD. In a Tg model of severe neuron

loss, the 5x FAD APP/PS1 mice (Robert Vassar, Northwestern University,

Chicago, IL) showed a loss of nuclear and stronger granular perikaryal and

dendritic inclusion pIRS-1 in neurons from the cortex and CA1 region of the

hippocampus by six months, mirroring changes seen in the AD brain. In the cortex

of 22-month-old APPsw Tg2576 mice, total IRS-1 levels were reduced, consistent

with its degradation by Ab and the loss of insulin-like signaling. In the 3xTg-AD

model, mice were placed on a high fat (21%) omega-3-depleting “diabetogenic”

diet for four months, and they showed elevated phospho-IRS-1 (Ser 616) and
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JNK-sensitive phospho-tau (Ser 422) in the hippocampus. Four months of dietary

treatment with fish oil or curcumin corrected hyperphosphorlation of JNK, IRS-1

and tau, but the combination of fish oil and curcumin was most effective at restoring

cognitive defects (in Y maze). Thus, treatment with fish oil/DHA, curcumin or a

combination, which both limit amyloid accumulation and/or JNK activation, has

the potential to improve insulin/trophic signaling and downstream synaptic and

cognitive deficits that cause AD. Consistent with these observations, several small

clinical trials suggest that omega-3 supplements can arrest the progression of AD at

early stages.

1 Introduction

Diet and exercise are modifiable risk factors that influence obesity and metabolic

syndrome, contributing to insulin-resistant diabetes, a risk factor for Alzheimer’s

disease (AD). AD is the most common cause of cognitive decline leading to

dementia in the aged. Diabetes is predicted to at least double the risk of developing

dementia (Peila et al. 2002) and AD (Ott et al. 1999), independent of whether

patients carry the major genetic risk factor for AD (ApoE4; Profenno and Faraone

2008); the risk increases to 4.5-fold for those carrying ApoE4 (Irie et al. 2008). In

this review, we will elucidate how defects in insulin signaling pathways contribute

to AD pathogenesis and whether dietary measures influencing these pathways may

reduce AD risk. Here we illustrate the complex interactions between insulin

signaling and AD pathogenesis (Fig. 1); it is important to summarize the relevant

details of AD pathogenesis.

2 AD Pathogenesis

In AD brains, cognitive loss correlates with selective neuron and synapse loss. The

pathological hallmark of AD is the accumulation of a 40-42 amino acid amyloid

beta protein (Ab) in fibrillar extracellular plaques and vascular deposits and the

intraneuronal accumulations of the microtubule-associated protein tau in neuro-

fibrillary tangles (NFTs; Cummings and Cole 2002). Ab has been implicated in

initiating AD by the discovery of multiple pathogenic mutations in autosomal

dominant, early onset forms of the disease. These mutations are in the source of

the Ab (b-amyloid precursor or protein, APP) or in presenilin, a component of the

g-secretase enzyme g-secretase enzyme complex that cuts Ab out of APP. Muta-

tions that cause AD increase the production and/or aggregation of Ab, suggesting
that these Ab aggregates initiate AD. Much of the bulk Ab accumulation in

extracellular deposits in plaques and vessels occurs years before the onset of

symptoms of cognitive decline (Mormino et al. 2008; Price and Morris 1999),

which is one reason why the focus has shifted from studying plaques and their

impact to elucidating the role of the smaller amyloid peptide aggregates or Ab
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oligomers (AbO) that occur in different cellular compartments, including intraneur-

onal accumulations in multivesicular bodies (Takahashi et al. 2004), lipid rafts

(Yanagisawa et al. 1995). In soluble fractions, Ab oligomers have been called

micelles (Lomakin et al. 1996; Soreghan et al. 1994) or amyloid-derived diffusible

ligands (ADDLs), which represent oligomer species with selective binding to

synapses, notably at excitatory synaptic sites (Lacor et al. 2004). While pathogenic

mutations in tau protein have not been found in AD, they do occur in other forms of

Fig. 1 Intersection of Ab oligomers (AbO) and insulin/neurotrophic factor (NTF) signaling.

Insulin or NTF binds membrane NTF (NTF-R) or insulin (ins-R) receptors that autophosphorylate

to generate tyrosine phosphate sites (P) that bind adaptor proteins. These include insulin receptor

substrate-1 (IRS-1), which couples to the p85a subunit of phosphatidylinositol 3-kinase (PI3-K) to

generate PIP3 at the membrane, which helps dock and activate PDK1/2 and Akt through pleckstrin

homology (PH) domains. These PH domains on PDK and Akt bind both PIP3 and phosphatidyl-

serine (PS) on the inner leaflet of the plasma membrane. One effect of DHA is to increase PS to

facilitate this activation of Akt by PDK phosphorylation at residues 308 and 473. Active Akt is

upstream of an Ab-protease, insulin-degrading enzyme (IDE) as well as survival signals (inhibi-

tion of BAD) and inhibition of the tau and IRS kinase, GSK3b, which appears to be upstream of

c-jun N-terminal kinase (JNK). JNK and GSK3b act sequentially to phosphorylate tau to promote

tangles and IRS-1 to promote its uncoupling from receptors and rapid proteasomal degradation.

Ins-R and NTF-R also bind SHC coupling to ERK and then CREB and ELK1 nuclear transcription

factors. AbO interact with an unidentified surface receptor (X-R), possibly NR2B or other

components of the glutamate NMDA receptor to activate fyn kinase and downstream signaling

through p21-activated kinases (PAKs; Ma et al. 2008). How AbOs reduce Akt and activate both

GSK3b and JNK is not entirely clear, but one possibility is through downregulation of PAK1,

which is a candidate for PDK2. AbO uncoupling and reduction of IRS-1 are hypothesized to limit

trophic factor and insulin signaling to further reduce Akt, resulting in further increased GSK3b and

JNK in a positive feedback loop that drives tau pathology and loss of neuronal arbor and synapses

11 Diet, Abeta Oligomers and Defective Insulin and Neurotrophic Factor Signaling 185



dementia, and when these tau mutations are introduced into animal models, they

can produce AD-like synapse and neuron loss (Ballatore et al. 2007; Gotz and Ittner

2008). Lastly, some species of Ab appear to induce NFTs (Götz et al. 2001).

Connections between Ab and tau, and between insulin signaling and AD

pathogenesis, merge in the extensive literature demonstrating Ab activation of tau

kinases. For example, Ab inhibits PI3-K/ Akt signaling, resulting in activation of

tau kinases, including direct activation of GSK3b (Takashima 2006); Ab-induced
disruptions in insulin signaling can result in aberrant phosphorylation of tau. Ab is

also known to activate MAP kinases, including JNK (Shoji et al. 2000; Wei et al.

2002), which triggers caspase cleavage of tau, and tau phosphorylation by both JNK

and GSK3b, which increases tau aggregation (Sahara et al. 2008). Ab may also

inhibit proteasomal degradation of tau by reducing levels of heat shock protein

70 interacting protein (CHIP; Oddo et al. 2008).

In AD, rather than tangles or plaques or neuron loss, synapse loss is the closest

pathological correlate with cognitive decline (Terry et al. 1991). In the absence of

AD, neuron loss in vulnerable regions, for example, after brain trauma or stroke, is

accompanied by outgrowth from the remaining neuronal dendritic arbor and com-

pensatory synaptogenesis, but in AD and APP transgenic AD model mice, surviv-

ing (CA1) neurons show reduced dendrite length and spine density (Coleman 1987;

Moolman et al. 2004; Spires et al. 2005), which is consistent with a selective loss of

the dendritic spine marker, drebrin (Calon et al. 2004).

3 Insulin Signaling and AD Pathogenesis

Figure 1 illustrates the relationship between insulin/trophic factor signaling with

AD pathogenesis. Following activation by insulin or trophic factors, receptors to

these trophic factors autophosphorylate at tyrosine residues, resulting in recognition

by the phosphotyrosine-binding domains of adaptor proteins, including SHC and

Insulin Receptor Substrates 1 and 2 (IRS-1 and IRS-2; White 2002). IRS then

tyrosine phosphorylates itself, permitting their binding and recruitment of Src

homology 2 (SH2)-domain–containing proteins, notably the p85 subunit of phos-

phatidylinositol (PI) 3-kinase (Sun et al. 1995). PI3-K activation further leads to

signaling pathways responsible for many of insulin’s pleiotropic actions, including

activation of Akt (protein kinase B; Virkamaki et al. 1999). The primary cause of

insulin resistance in insulin-resistant diabetes and its experimental models is the

uncoupling of the adaptor protein, IRS-1, following its phosphorylation at Ser312

(307 in mouse) and other sites, including ser616 (D’Alessandris et al. 2007; Morino

et al. 2006). This uncoupling can occur via insulin-stimulated kinases as a negative

feedback step, for example, via PI3-K/Akt/mTOR (Pederson et al. 2001; Rui et al.

2001b) or can result from stress-activated serine/threonine kinases. For example,

IRS-1 can be phosphorylated at different serine/threonine residues by multiple

kinases, including GSK3b (Eldar-Finkelman and Krebs 1997), JNK1 (Aguirre

et al. 2000; Rui et al. 2001a), Rho kinase (Begum et al. 2002) and PKC z (Liu
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et al. 2001). The uncoupled serine/threonine-phosphorylated IRS then undergoes

rapid proteasomal degradation (Rui et al. 2001b; Sun et al. 1999), resulting in a

deficient signal transduction response (Pederson et al. 2001). Thus, phosphorylation

of IRS and subsequent downstream deficits contribute to insulin resistance in ani-

mal models and diabetics (Rondinone et al. 1997; Saad et al. 1992).

4 IRS-1 Defects in AD

Mounting evidence implicates insulin pathway defects in AD (reviewed by Cole

and Frautschy 2007). Some of these effects may be specific to loss of insulin mRNA

(Steen et al. 2005) or of insulin receptors on dendrites (Zhao et al. 2008). However,

defects in insulin signaling may also may result via more generalized changes in the

adaptor proteins, which are used by multiple neurotrophic signaling pathways.

Evidence for adaptor protein defects in AD include reports that total IRS-1

and IRS-2 are reduced in AD brain, accompanied by elevations in cytosolic

phospho-IRS-1 (Ser312 and Ser616), which co-localizes with NFTs (Moloney

et al. 2010; Talbot 2006). These data also demonstrate a direct link between “insulin

resistance” and tau pathology.

Although most evidence suggests reduced insulin or trophic factor signaling in

AD brain (Steen et al. 2005), there is a seemingly contradictory report of elevation

of downstream active phospho-Akt (pAkt) and mTOR in pellet fractions of AD

brain, particularly in relation to co-localization with pSer214 on tau, an Akt

phosphorylation epitope (Griffin et al. 2005), which could also explain the observed

elevations in pIRS-1. Alternatively, regional elevations in pAkt, which is normally

ubiquitinated for degradation (Dickey et al. 2008), could be explained by defects in

pAkt proteosomal degradation or defects in dephosphorylation (reduced phospha-

tases). Since active Akt binds and phosphorylates tau, the accumulation of pAkt

in pellet fractions in AD brain, where tau aggregates accumulate, could also be

secondary to sequestration by tau aggregates, as is the case with active pGSK3

(Ishizawa et al. 2003). Arguing for defective insulin signaling in AD, PI3-K/Akt

signaling is strongly neuroprotective (as discussed in Calon et al. 2004). The brains

of the Tg2576 mouse model of AD, which have been depleted of DHA by diet and

transgene, showed significant reductions in pAkt in the TBS fractions (Tgþ 5.01þ
1.72 optical density units) compared to Tg� (12.25þ 2.31) or to Tgþ supplemented

with DHA (10.5þ 1.90) but no changes in pAKT in pellet fractions. Consistent with

the above observations, Ab toxicity reduces PI3-K/Akt (Takashima et al. 1996), and

conversely, direct PI3-K activation protects against Ab toxicity in vitro (Lee et al.

2008). Akt accumulation could also be secondary to PTEN deficits because PTEN is

a lipid phosphatase that degrades the PIP3 required to activate Akt, thus negatively

regulating PI3/Akt signaling (Zhang et al. 2006; see Fig. 1).

Another possible explanation for the co-localization of aberrant phospho-tau and

phospho-IRS-1 is that both IRS-1 and tau are substrates for common AbO-activated
kinases. Of the repertoire of common IRS and tau kinases, Ab aggregates are
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well-known to induce activated GSK3b (Ma et al. 2006; Takashima et al. 1996),

GSK3Í is implicated in Ab toxicity, elevated in AD and AD models and one of the

well- established tau kinases (Sahara et al. 2008). Ab aggregates also activate JNK

(Shoji et al. 2000; Troy et al. 2001), which plays a role as a priming tau kinase

(Sahara et al. 2008). Activation of JNK is also induced by reactive oxygen species

(Shen and Liu 2006) and observed in neurons and dystrophic neurites of AD model

mice and AD brain, where it progressively overlaps tau-positive neurofibrillary

pathology (Shoji et al. 2000; Zhu et al. 2001). In the APPsw Tg2576 model of AD,

active JNK localizes to plaque neurites around plaques containing phosphorylated

tau (Puig et al. 2004), and in the APPsw x PS1P264L b-amyloidosis model mice

(Savage et al. 2002), JNK activation parallels age-dependent amyloid deposition,

tau phosphorylation, and synaptophysin loss. Thus, both JNK and GSK3b are

activated in AD brain and AD models and are potential mediators of aberrant

IRS-1 phosphorylation, uncoupling and degradation. JNK priming is required for

subsequent GSK3b phosphorylation of tau (Sahara et al. 2008) and for GSK3b
inactivation of IRS-2 (Sharfi and Eldar-Finkelman 2008).

5 IRS-1 Defects in Preclinical Models Relevant to AD

As discussed above, aberrant pIRS-1 frequently co-localizes with tau pathology in

AD brain and could be caused by tau aggregates that sequester one or more serine/

threonine tau kinases or by pro-inflammatory cytokines like TNFa (Aguirre et al.

2000) or by Ab activation of tau/IRS-1 kinases. To examine the latter hypothesis,

we tested the impact of AbO treatment on IRS-1 in primary rat neuronal cultures

and found a rapid (within five hrs) elevation of cytosolic phospho-IRS-1 accom-

panied by parallel increases in p422Ser tau (Ma et al. submitted for publication).

Both AbO effects were entirely blocked by a specific inhibitor of JNK (SP-600125)

that also blocked other Ab-induced ptau epitopes and synaptic marker loss. These

data in primary neurons suggested that direct oligomer effects are sufficient to

phosphorylate and inactivate IRS-1 and its downstream effects. Our in vitro results

on IRS-1 phosphorylation are novel but consistent with other evidence that soluble

Ab aggregates can diminish the trophic factor signal transduction response to both

NGF (Chromy et al. 2003) and brain-derived neurotrophic factor (BDNF; Tong

et al. 2004).

We then examined phospho-IRS-1 in brains of an animal model that lacks

tangle pathology but develops significant neurodegeneration, the aggressive

5xFAD mouse line, which contains three familial AD mutations in APP and two

mutations in PS1 (Oakley et al. 2006). By six months, 5xFAD mice show a loss of

the predominantly nuclear labeling seen in transgene negative controls and elevated

neuronal cytosolic phospho-IRS-1 312, similar to that found in AD brain (Fig. 2).

Neurons in the cortex and the CA1 neurons of the hippocampus showed a loss of

nuclear and stronger granular perikaryal and dendritic inclusion pIRS-1, mirroring

changes seen in the AD brain. Similar observations were found in APPsw Tg2576
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mice, where transgene-positive mice showed increased cytosolic pIRS-1 312 and a

reduction in nuclear fractions relative to transgene negative controls (Fig.3A). This

loss of normal nuclear pIRS-1was confirmed by Western analysis of nuclear frac-

tions (Fig. 3B). Total IRS-1 was reduced by 54% in Western blots from the

hippocampus of aged (22-month-old) APPsw Tg2576 mice, consistent with an

amyloid peptide-induced degradation and loss of insulin-like signaling (Fig. 3C).

Together with the direct effects of AbO in vitro, our in vivo data suggested that

Ab aggregate accumulation is sufficient to cause AD-like elevations of cytosolic

p-IRS-1 in the absence of tau aggregate or tangle accumulation.

IRS-1 defects were also examined in a triple transgenic (3xTg-AD) model

(APPsw, P301L tau, PS1) that develops intraneuronal Ab and tau aggregates and

eventually plaques and tangles (Oddo et al. 2003). By nine months of age, we found

that these mice showed similar deficits in total IRS-1 analyzed by Western

blot analysis, corresponding to an increased cytosolic phospho IRS-1 Ser 616

Fig. 2 Increased cytosolic phospho-IRS-1 (ser 312) in CA1 hippocampus of transgene-positive

5xFADADmice and AD. a. Sections from Tg negative controls (left) show prominent nuclei (blue

DAPI) that are colabeled with pS312 IRS-1 (green), but sections from six-month-old 5xFAD mice

(middle) show reduced pS312 IRS-1 staining in nuclei, which appears to be redistributed to

granular perikaryal cytosolic and focal neurites (green) or with intraneuronal Ab (6E10, red). As

shown in the right panel, the intraneuronal pIRS-1 is reduced in many nuclei and increased in

dendrites. b. Sections from human hippocampus stained for IRS-1 show difference in the pattern of

pS312 IRS-1 staining in normal (left) and AD (middle), with normal AD IRS-1 staining being

largely nuclear whereas in AD, the staining appears to be granular and cytosolic. Staining for

pS616 IRS-1 in AD demonstrates colocalization with PHF-1 (right)
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(Ma et al. 2009). Collectively, our results support the hypothesis that Ab aggregates

activate kinases that drive aberrant IRS-1 phosphorylation and IRS-1 deficits in vitro

and in multiple AD transgenic mouse models. The resulting loss of IRS-1 coupling

to PI3-K/Akt is predicted to activate another major tau kinase, GSK3b, which is also
activated by Ab (Ma et al. 2006; Takashima 2006) and appears to be upstream from

JNK in AbO toxicity in vivo (Hu et al. 2008). This process further deregulates

Fig. 3 Dietary DHA protects loss of nuclear and increased cytosolic phospho-IRS-1 (ser 312) in

CA1 hippocampus of transgene-positive Tg2576 AD model mice. a. Predominantly nuclear

phospho-IRS-1 312 in CA1 neurons in aged control Tg2576 APPsw transgene negative (Tg�,

left panel) was markedly shifted toward cytosol in APPsw transgene-positive (Tgþ, middle panel)

mice, but the normal pattern was largely restored in APPsw Tgþ mice with diets supplemented

with 0.6% DHA. To exacerbate the transgene-dependent phenotype, mice were aged to 17 months

on breeder chow (PMI5015) and then switched to a less severe modification of an omega-3-

depleting n-6 (safflower oil)-based diet (Calon et al. 2004) with half the DHA-depleting safflower

oil replaced with oleic acid; and they were aged to 22 months before euthanizing for immunocy-

tochemistry and biochemistry. b. The loss of normal nuclear pIRS-1 ser 312 and restoration with

DHA were confirmed in Western blots of hippocampal nuclear pellet fractions with densitometry

quantifying the major (�75 kD) pIRS-1 ser 312-immunoreactive band. c. Loss of full-length total

IRS-1 (�165kD band) in aged Tgþ mice and its prevention with dietary DHA was confirmed

using Western blot of hippocampal nuclear pellet fractions. Densitometric quantification was

normalized by b-actin
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insulin signaling, since GSK3 itself directly phosphorylates IRS-1 at Ser332 to help

inactivate IRS-1 (Liberman and Eldar-Finkelman 2005) and may also activate JNK

(Hu et al. 2008), suggesting a positive feedback loop where Ab activation of JNK

and GSK3b initiates an uncoupling of the IRS-1/PI3-K/Akt/GSK3b pathway.

Defects in IRS-1 induced by AbO would be predicted to impair not only

signaling of insulin but also the activity of neurotrophic factors like NGF, BDNF,

IGF-1 and bFGF. Loss of trophic factor signaling would cause loss of neuronal

arbor and dendritic spines and shrinkage of vulnerable remaining neurons, in addi-

tion to causing increased tau phosphorylation by JNK and GSK3, which would

contribute to tau pathology and further neurodegeneration. Normal Akt signaling

also induces the C-terminus of heat shock protein 70 interacting protein (CHIP), a

tau ubiquitin ligase that facilitates degradation of misfolded tau (Dickey et al.

2008). Thus, reduction in Akt levels reduces levels of CHIP, which could exacer-

bate tau pathogenesis (Dickey et al. 2008). These important consequences suggest

that this more generalized trophic factor resistance beyond the specific insulin/

insulin receptor interaction may play a critical role in AD pathogenesis.

6 Western Diet Versus Omega 3 Fatty Acids

Western diets with high saturated fat and cholesterol fed to rats induce insulin

resistance and cognitive deficits within a few months (Greenwood and Winocur

2005). The cognitive deficits from high saturated fat are accompanied by reduced

hippocampal BDNF (Molteni et al. 2002), fewer dendrites (Granholm et al. 2008)

and a reduction in the number of dendritic spines (Stranahan et al. 2008). These

cognitive deficits can be ameliorated by the insulin-sensitizing drug rosaglitazone

(Pathan et al. 2008), suggesting that some defect in “insulin” signaling may be

downstream and apply to other trophic factor functions, for example, the phospho-

IRS-1 defect discussed above. Dietary omega 3 fatty acids can partially suppress

high fat diet-induced insulin resistance in peripheral tissues, for example, muscle

(Taouis et al. 2002), suggesting that they may also be relevant to insulin signaling in

the brain. In fact, in the aging APPsw Tg2576 transgenic mice, feeding them dietary

omega 3 docosahexaenoic acid (DHA) increased activity in the PI3-K/Akt pathway

and protected the anti-caspase Akt target phospho-BAD, caspase activation and

postsynaptic markers (Calon et al. 2004, 2005). DHA may potentiate the activation

of neurotrophic factor (BDNF, NGF, bFGF) or insulin/IGF-1 signaling via the

phosphatidylinositol-3 kinase (PI3-K) > Akt pathway by increasing neuronal

phosphatidylserine (PS). Higher PS content increases the rate of Akt membrane

docking via a pleckstrin homology domain pocket that binds both the PI3-K product

PIP3 and PS (Akbar et al. 2005). We find that, in primary neurons, DHA behaves

similarly to the JNK inhibitor, protecting from AbO-induced JNK activation and

downstream phosphorylation of tau and IRS-1 (Ma et al. 2009). Similar to these

in vitro data on neuroprotection by DHA, feeding 3xTg-AD mice from five to nine
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months of age diets enriched in 2% fish oil (on a DHA-depleting base diet)

corrected transgene-dependent defects in pJNK, cytosolic pIRS-1, total IRS-1 and

cognition (Ma et al. 2009).

7 Curcumin

In the same study with 3xTg-AD on a DHA-depleting diet, we observed similar

protective results with 500 ppm curcumin, a phenolic antioxidant with anti-

inflammatory and anti-amyloid properties that is capable of reducing JNK activation

in preclinical models of AD (Begum et al. 2008). Interestingly, the combination of

fish oil plus curcumin produced more robust and significant protection of IRS-1 and

cognitive function (Ma et al., 2009). This synergism is consistent with both

protection against peroxidation of polyunsaturated fatty acids like DHA and curcu-

min’s additional direct anti-amyloid (Yang et al. 2005) and other neuroprotective

activities (Cole et al. 2007).

Clearly not all DHA activity can be attributed to direct effects on IRS-1. Beyond

enhancing Akt signaling, DHA has additional pleiotropic protective mechanisms

(reviewed in Calon and Cole 2007); for example, DHAmay increase the production

of BDNF (Rao et al. 2007) and is a precursor for a neuroprotective lipoxygenase

metabolite of DHA, neuroprotectin D1 (NPD1), that has multiple beneficial activ-

ities (Bazan 2005). DHA can also reduce Ab accumulation, possibly by altering

APP processing (Lim et al. 2005; Oksman et al. 2006) by NPD1 modulation (Bazan

2005), lowering presenilin-1 and g-secretase (Green et al. 2007) or raising the anti-
Ab chaperone, SorLA/ LR11 (Ma et al. 2007). Because DHA protects IRS-1 from

direct inactivation by exogenous AbO in vitro, it is likely that both reducing the Ab
toxin and more direct neuroprotective effects contribute to the in vivo improve-

ments in insulin/ neurotrophic factor signaling defects.

8 Omega-3 Protection in Humans

A robust protective impact of omega-3 fatty acids against some of the negative

effects of high fat diet in people is suggested by observations that higher plasma

omega-3 fatty acid levels are associated with less decline in verbal fluency, parti-

cularly in hypertensive and dyslipidemic patients (Beydoun et al. 2008). Omega-3

from marine sources has a strong positive epidemiology, associating higher DHA/

EPA intake with lower risk for dementia and AD (Maclean et al. 2005). Subsequent

evidence from the prospective Framingham study found that those with higher

quartile DHA blood levels taken 10 years prior to ascertainment of cognitive status

showed protection from dementia or AD (Schaefer et al. 2006). Three studies have

found that dietary DHA or fish oil protection against dementia and AD has only
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been observed in the non-ApoE4 carrier groups (Barberger-Gateau et al. 2007;

Huang et al. 2005; Whalley et al. 2008). Consistent with an “insulin-sensitizing”

effect of omega-3 fatty acids, this ApoE-dependence strongly resembles clinical

trial results with insulin-sensitizing rosiglitazone (Risner et al. 2006) and intranasal

insulin (Reger et al. 2008), where only the ApoE4 non-carriers show positive

treatment responses.

9 Clinical trials

Initial results from small clinical trials suggest some utility stabilizing cognitive

decline with fish oil or DHA in very early stage AD (minimally cognitively

impaired) but not with established AD. This finding was true for a Japanese trial

(Kotani et al. 2006), a Swedish trial (Freund-Levi et al. 2006) and a Taiwanese trial

(Chiu et al. 2008). DHA or fish oil appeared to stabilize MMSE in the MCI patients

but not in those with established AD. We have argued that the highly unsaturated

and peroxidizable DHA should be combined with an antioxidant (Calon et al.

2004). In a 12-month pilot trial where AD subjects were given the antioxidant

alpha lipoate and/or fish oil (NCT000904029), MMSE declined in subjects given

alpha lipoate or fish oil alone but not in subjects given the combination (Shinto and

Oken 2008). While each reported trial has been too small to be compelling, these

initial results in preclinical models and clinical trials with early stage patients

strongly encourage the design of larger and more definitive trials with omega 3

for primary prevention and with combinations of omega 3 with antioxidants like

curcumin and a-lipoate for early stage AD treatment.

10 Conclusions

AD is characterized by selective neuron loss, for example in the CA1 of the

hippocampus, that under normal conditions would be accompanied by compensa-

tory dendritic outgrowth and synaptic plasticity; but in AD, dendritic arbor and

spine density of surviving neurons are decreased. This decrease could be caused

by a loss of trophic stimulation or a diminished response to trophic factors, as

discussed above. Accumulating evidence suggests that an improvement in insulin/

trophic factor signaling, either by insulin or insulin-sensitizing drugs, could be of

therapeutic value for AD. The data reviewed here support the argument that

supplementation with dietary fatty acids and antioxidants, an approach suitable

for primary prevention, can mediate a significant improvement in AD-related

defects in insulin receptor substrate, an adaptor protein common to insulin and

neurotrophic factor signaling to Akt and a critical component of the neuroprotec-

tive pathway.
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Serum IGF-I, Life Style, and Risk

of Alzheimer’s disease

Joaquin Piriz, Takeshi Nishijima, Jose Luis Trejo,

and Ignacio Torres Aleman

Abstract The ancient insulin-like family of peptides gave rise in higher organisms

to insulin-growth factors (IGFs) and insulin. Formerly considered functionally

divergent, new evidence suggests that IGFs and insulin probably share a close

functional relationship. These links are still poorly defined but may eventually turn

out to be of great relevance in the development of Alzheimer´s pathology. IGF-I in

the circulation acts as a neuroprotective hormone, entering into the brain through a

transport system at the blood-brain barriers. The neuroactive role of serum IGF-I is

modulated by environmental factors and behavior. Importantly, both environmental

factors and life style are increasingly recognized to impact the development of

Alzheimer´s disease (AD). Risk factors classically associated with cardiovascular

disease, such as unhealthy diets, lack of physical exercise, or stress, are now also

related to AD. The molecular underpinnings of these links are starting to be

unveiled. There is evidence pointing to serum IGF-I in this regard. Circumstantial

observations, such as that serum IGF-I declines with aging, the single most impor-

tant risk factor for AD, or that serum IGF-I correlates with cognitive status in

humans, have hinted at this connection. Further, diet, and physical or mental

activity influence serum IGF-I input to the brain. In addition, stress and general

health status may influence brain input of serum IGF-I. All these factors have been

linked to a risk of AD. Analysis of the molecular and cellular pathways involved in

serum IGF-I traffic at the blood-brain interfaces indicates that pathogenic distur-

bances at these sites may be of great relevance in the development of AD. Indeed,

reduced brain IGF-I input elicits all the neuropathological changes associated with

AD. As all the above-mentioned life style factors impinge on the transport of IGF-I

at the barriers, a molecular understanding of their role as risk factors is now within

reach.
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1 Introduction

Mammalian insulin peptides (insulin, IGF-I, and IGF-II) originated from a common

insulin-like ancestor present in ancient organisms around 600 million years ago

(Chan et al. 1990; Luo and Murphy 1989). While they are found in the circulation

and display typical hormonal traits, the IGFs are also considered ubiquitous growth

factors, acting as local messengers in body tissues (Daughaday and Rotwein 1989).

The classical role assigned to IGF-I as a hormone is to translate growth hormone

(GH) signals to the periphery. The hormonal significance of IGF-II is still poorly

understood, with a reported role during fetal growth (DeChiara et al. 1990). At any

rate, the actions of IGFs as growth modulators and of insulin as a metabolic

modulator have been clearly differentiated. However, in primitive organisms

wherein dozens of insulin-like peptides have been described (Pierce et al. 2001),

the functional separation between them is still uncertain. New evidence may also

blur this functional distinction between insulin peptides in higher organisms, at

least for the closely related IGFs and insulin.

Insulin-like metabolic actions of IGFs at high concentrations were described

when they were originally characterized in mammals (Daughaday and Rotwein

1989). In turn, the growth factor-like features of insulin during development and in

specific tissues have been recognized (de Pablo and de la Rosa 1995). However,

new data might lead to considering these three peptides to be functionally

interconnected in a more direct way. An important first clue was the promiscuous

signalling of the three peptides on their receptors. An additional clue was that IGF-I

and insulin receptors dimerize and form functional receptor dimers (Moxham et al.

1989) of pathological consequence when dysregulated (Fernandez et al. 2001).

More recently, it has been shown that serum IGF-I modulates insulin sensitivity

(Clemmons 2004) and that IGF-binding protein 1 (which does not bind insulin) may

be a reliable marker of insulin sensitivity (Lewitt et al. 2008). Simultaneous

changes in circulating levels of IGF-I and insulin are present in many human

diseases, not only in diabetes and other endocrine illnesses, but also in different

neurodegenerative conditions (Busiguina et al. 2000). Collectively, these data point

to a functional connection between the IGFs and insulin at the brain level as well

(Davila et al. 2007).

2 Neuroprotection by Brain- and Serum-derived IGF-I

IGF-I is probably the prototype neuroprotective factor. Its wide array of beneficial

actions on brain cells is now beyond dispute. In recent years, we have hypothesized

that attenuation of IGF-I neuroprotection is involved in most, if not all, pathological

processes in brain tissue that eventually lead toneuronal death/dysfunction (Davila et al.

2007). Loss of function of IGF-I may underlie the local increases in IGF-I, its receptor

and its binding proteins found in all types of brain lesions (Torres-Aleman 2005).
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Remarkably, different elements of the canonical IGF-I signalling pathway appear to be

dysregulated in neurological impairments of widely different etiology. Thus, in Hun-

tington´s disease, the kinaseAkt appears to be involved (Humbert et al. 2002); the same

is true for schizophrenia (Emamian et al. 2004), spinocerebellar ataxia 1 (Chen et al.

2003) or Parkinson´s disease (Malagelada et al. 2008). Various other proteins of the

IGF-I pathway have been shown to be involved in diseases such as dentatorubral-

pallydoluysian atrophy (Okamura-Oho et al. 1999), ataxia-telangectasia (Peretz et al.

2001), amyotrophic lateral sclerosis (Wilczak et al. 2003), orRett syndrome, an autistic-

like brain disorder (Itoh et al. 2007). In the case of AD, we and others have specifically

pointed to IGF-I/insulin resistance status, which we consider to be instrumental in the

pathogenesis of AD (Carro and Torres-Aleman 2004). An insulin-resistant state was

long ago claimed to be a key metabolic disturbance in AD (Blum-Degen et al. 1995),

with a possible prognostic value, as recently proposed (Ronnemaa et al. 2008). The

processes leading to this connection are starting to be unveiled (De Felice et al. 2009;

Gasparini et al. 2002). On the other hand, we recently postulated that the initial

disturbance leading toADis a resistant state to IGF-I initiatedat theblood-brain-barriers

(BBBs) that eventually leads to insulin resistance in brain cells and all the neuropatho-

logical and clinical features of AD (see Carro and Torres-Aleman 2004 for further

detail).

Because brain cells synthesize IGF-I (Bondy and Lee 1993) and IGF-I expres-

sion increases in response to many types of brain insults (Walter et al. 1997), it was

assumed that locally produced IGF-I underlies its neuroprotective effects. Indeed,

both mice and human IGF-I null mutants display profound brain disturbances

(Baker et al. 1993; Woods et al. 1997). However, this phenotype could be ascribed

to a general lack of IGF-I throughout development. At least in rodents, expression

of IGF-I in the brain peaks perinatally, decreasing to almost negligible levels in the

adult (Bondy and Lee 1993). Conversely, levels of IGF-I protein in the brain

remain more stable from birth to adulthood (Torres-Aleman et al. 1994). This

mismatch between IGF-I mRNA and protein content points to an extracerebral

source for brain IGF-I (Busiguina et al. 2000). A logical source is the circulation,

as the blood contains very high levels of IGF-I. Against this possibility is the

existence of the BBBs, which impede the free-passage of blood proteins into the

brain (Dziegielewska and Saunders 2002). However, it has been shown that circulat-

ing IGF-I can cross the BBB (Pardridge 1993). This transcytosis process involves a

specific transport system at the choroid plexus (Carro et al. 2005) and brain vessels

(unpublished observations). Yet, passage of serum IGF-I to the brain is still not

widely recognized and warrants further study. At any rate, blood-borne IGF-I is a

key neuroprotective signal, actively involved in adult neurogenesis, cognition,

angiogenesis, or resilience against injury, and underlies many of the beneficial

effects of physical exercise on the brain (Carro et al. 2000). Changes in circulating

IGF-I levels have been shown to run in parallel with changes in brain IGF-I

(Busiguina et al. 2000). Absence of IGF-I receptors in the brain not only produces

profound brain deficits but also results in high serum IGF-I levels (Kappeler et al.

2008). The latter finding may be explained as a typical homeostatic response to IGF-I
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resistance due to lack of receptors. Altogether these data indicate that serum and

brain IGF-I levels share a common regulatory link, regardless of the BBBs.

3 Factors Influencing Serum IGF-I Levels

Site-specific genetic ablation in mice determined that the liver is the principal

source of circulating IGF-I (Yakar et al. 1999). The major known regulator of

serum IGF-I is growth hormone (GH). Serum levels of IGF-I are mostly controlled

by GH; in turn, IGF-I decreases GH pituitary output to regulate its own levels

through a classical neuroendocrine feedback loop (Daughaday and Rotwein 1989).

More recently, it has been shown that IGF-I controls its serum levels acting on fat

tissue, opening a new level of regulation for serum IGF-I involving energy stores

(Kloting et al. 2008). Other hormones, such as estrogens, thyroid hormone or

glucocorticoids, also affect basal or GH-stimulated liver IGF-I output. Glucocorti-

coids exert a complex modulatory role (Luo and Murphy 1989; Miell et al. 1993),

but there is a clear depressing action of various types of stress on serum IGF-I

(Gomez-Merino et al. 2005). Other physiological stimuli known to modulate serum

IGF-I are sleep (Everson and Crowley 2004), nutrition (Thissen et al. 1994), or

physical exercise (Schwarz et al. 1996). Regulation of IGF-I levels appears to be

highly dependent on type of exercise, physical fitness, sex, and species. For

instance, exercise has been reported to either exert no effect (Eliakim et al.

1997), reduce serum IGF-I (Eliakim et al. 1998), or increase it (Schwarz et al.

1996). A genetic influence on circulating IGF-I levels is also well established

(Harrela et al. 1996), with various known polymorphisms involved (Jernstrom

et al. 2001). More recently, a correlation between social status and serum IGF-I

levels has also been noted (Kumari et al. 2008), Intriguingly, a relationship between

social status, brain volume decline and preclinical AD has also been noted (Fotenos

et al. 2008).

Infections, sepsis, severe burns and almost any type of critical illness is asso-

ciated with decreased serum IGF-I levels (Dimopoulou et al. 2005; Lorenzo-Zuniga

et al. 2007; Schwab et al. 1997; Sierra-Johnson et al. 2008). Diseases such as

diabetes and the majority of neurological dysfunctions are also associated with

decreased serum IGF-I (Busiguina et al. 2000). In several specific instances, such as

in rare inherited diseases like ataxia-telangectasia (Busiguina et al. 2000), or at

distinct disease stages (i.e., AD; see Vardy et al. 2007), high serum IGF-I levels are

reported, which may be interpreted as a response to tissue resistance (Jain et al.

1998). One may conclude that general health status is an important determinant of

serum IGF-I levels.

Because we postulate that the extent of peripheral IGF-I input to the brain is a

key factor in the development of AD (Carro and Torres-Aleman 2004), all of the

physiological and pathological processes affecting serum IGF-I levels would have a

potential influence on this disease (Table 1). In other words, environmental and

behavioral influences on AD risk will be those affecting serum IGF-I levels.
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Although this is a simplistic approach to a complex disease, we propose to use it as

a surrogate marker in search of the factors modulating risk of AD. Specifically,

longitudinal analysis of serum IGF-I levels in individuals at risk for AD (i.e., >65

years old, diabetic or metabolic syndrome patients, etc.) should be conducted on a

regular basis as an additional indicator of risk.

4 Influence of Environmental Factors on the Passage of Serum

IGF-I into the Brain

Following this reasoning, a second potential way to identify factors involved in risk

forAD may be determining those impacting on the input of serum IGF-I onto the

brain. Deficient serum IGF-I uptake by the brain may be due not only to low serum

levels but also to impaired passage. Analysis of the mechanisms involved in this

traffic and of their regulation is necessary for a full understanding of the causes

underlying low IGF-I input to the brain.

Increasing the levels of IGF-I in the circulation after injection of recombinant

IGF-I resulted in increased brain IGF-I content (Fernandez et al. 1998). In search of

a physiological context for this experimental observation, we analyzed the influ-

ence of physical exercise on serum-derived IGF-I passage to the brain, as exercise

reportedly increased blood GH/IGF-I levels in humans (Schwarz et al. 1996). While

acute treadmill running did induce passage of peripheral IGF-I into the rat brain, it

was not accompanied by increased serum IGF-I levels (Carro et al. 2000). Building

on this observation we went further to explore the potential beneficial effects of

exercise and the possible role played by serum IGF-I. We found that serum IGF-I is

crucial in exercise neuroprotection (Carro et al. 2001; Lopez-Lopez et al. 2004;

Trejo et al. 2001; Trejo et al. 2007). From these studies we concluded that physical

exercise enhances brain entrance of serum IGF-I as part of its beneficial actions on

brain function (Trejo et al. 2002). Based on this conclusion, we could readily

provide a molecular explanation for the protective effects of exercise on progression

Table 1 Factors influencing serum IGF-I levels

Factor Effect Reference

Growth hormone

�

Daughaday et al. (1989)

Sleep deprivation � Everson et al. (2004)

Meal protein

�

Thissen et al. (1994)

Stress � Gomez-Merino et al. (2005)

Critical illness � Dimopoulou et al. (2005); Lorenzo-Zuniga et al. (2007);

Schwab et al. (1997); Sierra-Johnson et al. (2008)

Brain diseases �

�

Busiguina et al. (2000)

Social status

�

Kumari et al. (2008)

Endocrine milieu �

�

Daughaday et al. (1989); Luo et al. (1989); Miell et al. (1993)

Exercise = �

�

Eliakim et al. (1997, 1998); Schwarz et al. (1996)

Inheritance �

�

Harrela et al. (1996); Jernstrom et al. 2001)
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of AD-like symptoms in mouse models of AD (Adlard et al. 2005). Thus, as a result

of enhanced brain IGF-I input after exercise, amyloidosis, tauopathy, gliosis, and

cognitive loss would all be attenuated, as IGF-I counteracts all these pathological

changes. Accessibility to exercise is usually included in “environmental enrich-

ment” laboratory protocols aimed at determining the role of enhanced brain activity

as a neuroprotective behavior. Experimental environmental enrichment, which may

be translated into engaged social, mental and physical activity within a human

context, has been shown to be beneficial in AD models (Cracchiolo et al. 2007). As

neuronal activity regulates the entrance of serum IGF-I into the brain (Davila et al.

2007 and unpublished observations),we can again readily accommodate this obser-

vation by invoking a mediatory role for serum IGF-I. In this regard, it has been

documented that the protective effect of environmental enrichment on spinal cord

injury involves serum IGF-I (Koopmans et al. 2006). In our view, the fact that brain

activity modulates the entrance of serum IGF-I into the brain is a very significant

observation, as it provides a molecular frame for cognitive reserve theory (Richards

and Deary 2005). Keeping an active mind, as a result of social engagement, higher

education, and other environmental factors, is postulated to protect against AD

(Grant et al. 2002; Katzman 1993). A proposed explanation is the elaboration of a

cognitive reserve in accordance with overall brain activity. This reserve would

provide the brain with additional resources to cope with insults (van Praag et al.

2000), and activity-dependent entrance of serum IGF-I would be a means to

generate these defences.

Obesity, imbalanced diets and other cardiovascular risk factors are also asso-

ciated with a risk forAD (Grant et al. 2002). We explored the influence of diet on the

blood-to-brain traffic of IGF-I. A high-fat diet accelerating AD pathology in animal

models (Refolo et al. 2000) also led to reduced brain IGF-I input (Sharma et al.

2008; Dietrich et al. 2007). Specifically, the resultant high tryglyceride levels in

blood interfered with transport of serum IGF-I at the choroid plexus through a

process involving the co-receptor IGF-I cargo protein megalin (Dietrich et al.

2007). As mentioned above, compromised entrance of serum IGF-I greatly con-

tributes to AD pathology (Carro et al. 2006). An established risk factor for AD is

general health status and what is now collectively known as the metabolic syn-

drome. This condition includes not only obesity but also a pro-inflammatory status,

glucose intolerance and dyslipidemia (Milionis et al. 2008). In this regard, we found

that systemic pro-inflammatory cytokines such as TNFa reduce IGF-I input (Carro

et al. 2002). As already mentioned, insulin dysfunction is always associated with

impaired IGF-I activity (Davila et al. 2007). Because there is a bi-directional

relationship between insulin and IGF-I function, we can consider that insulin

resistance in metabolic syndrome leads to impaired IGF-I function and the resultant

lower IGF-I input to the brain. Conversely, impaired serum-to-brain IGF-I traffic in

metabolic syndrome could lead to insulin resistance as central IGF-I modulates

insulin sensitivity (Muzumdar et al. 2006; Foster et al. 1991). Our data indicate that

impaired serum IGF-I entrance to the brain as a result of unhealthy diets precedes

development of glucose intolerance (Dietrich et al. 2007), suggesting that the initial
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disruption may be insufficient brain IGF-I input followed by reduced insulin

sensitivity.

5 Insulin, IGF-I and Late-onset AD

We postulate that a functional inter-dependence between IGF-I and insulin is

critical in the development of AD. Because the role of insulin as a glucose regulator

seems to be less important in brain than in other tissues (Baskin et al. 1987), and

because many other effects of insulin have been reported in brain cells (Davila et al.

2007), it is particularly important to better define the specific role played by insulin

in brain physiology. For instance, insulin regulates APP traffic and Ab metabolism

(Carro and Torres-Aleman 2004), but the physiological significance of these effects

remains uncertain. Not coincidentally, IGF-I also modulates APP traffic and Ab
metabolism (Carro and Torres-Aleman 2004; Adlerz et al. 2007). A major point in

the possible functional relationship between IGF-I and insulin that has been largely

overlooked is that their respective dimeric receptors can form hybrid receptors able

to recognize both ligands (Moxham et al. 1989). These hybrid receptors show

greater affinity for IGF-I (Benyoucef et al. 2007), increase when insulin function

is compromised (Slaaby et al. 2006) and show a pathogenic significance when

dysregulated (Fernandez et al. 2001). Hence, under conditions of dysregulated

insulin or IGF-I input to the brain, inevitably, both hormonal signals will eventually

be affected.

Although the cause of AD remains uncertain, extracellular amyloidosis is

generally considered the main pathogenic event. Whether amyloid peptide over-

production, decreased clearance, impaired degradation or a combination thereof are

the culprits is not yet clear. A second putative pathogenic event in AD is tauopathy,

the abnormal accumulation of intracellular deposits of tau and other proteins. Its

etiological significance is more disputed. However, none of these approaches have

yet led to any therapeutic solution. Therefore, new explanations are needed, causing

a wealth of new proposals mostly to explain the processes leading to amyloidosis

and to find new potential druggable targets.

As shown in Figure 1, we propose that, due to reduced insulin/IGF-I function,

the primary cause of late-onset AD is brain metabolic impairment. This proposal

must be understood in its broadest sense. Low insulin/IGF-I input will not only

impair glucose handling by the brain; it will also disturb a wide array of essential

tissue needs. These range from reduced energy supply (nutrients þ oxygen) to

altered APP trafficking. Blood flow will be reduced due to a compound problem of

lower vessel renewal, impaired vessel functionality, brain-barrier malfunction, etc.

Because an important set of brain actions of IGF-I involves astrocytes (Fernandez

et al. 2007), astrocyte-neuron interactions will also be defective, leading to com-

promised nutrient and neuroprotective supply to the latter (Pellerin et al. 1998).

Many other aspects of neuronal metabolism will also be affected, as the diversity of
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actions of insulin and IGF-I on brain cell function is indeed remarkable (see Davila

et al. 2007 for a recent overview). Among these, deranged APP traffic and Ab
metabolism may be crucial. In addition, metabolic imbalance will eventually lead

to AD neuropathology through various pathological cascades. The hierarchy of

changes is still unknown, but from a clinical view the main one is cognitive loss,

which, unfortunately, may appear late in the course of the disease.

In summary, impaired brain metabolism underlying AD would be the conse-

quence of insufficient insulin and IGF-I input to the brain. As is true for any

pathological condition, compromised insulin/IGF-I function stems from factors

governed by inheritance and environment. Genetic information interacts with

environmental influences to determine behavioral adaptation. A key role of insu-

lin-like peptides in behavioral adaptation to environmental change is already found

in primitive invertebrates (Braeckman et al. 2001). Similar to their putative con-

served roles in longevity determination along phylogeny (Kenyon 2001), both

insulin and IGF-I influence cognitive operations underlying behavioral adaptation

in higher organisms such as mammals, including humans (Aleman et al. 1999;

Strachan 2003). Because life style is determined by a specific set of behaviors, it

follows that insulin/IGF-I contribute to life-style effects on brain function.

Environmental factors

Behavioral adaptation

Life style

Serum IGF-I levels
Brain entrance of serum IGF-I

Brain Insulin Brain IGF-I

Brain metabolic imbalance

Cognitive loss Neuronal death Tauopathy Amyloidosis

Genetic background

Fig. 1 A functional interconnection between insulin and IGF-I underlies development of late-

onset AD. The inter play between environment and genotype/phenotype modulates behavior that

in turn conforms life style. Life style factors such as nutrition, physical and mental activity and

stress levels, together with environmental and genetic factors influencing general health status and

serum IGF-I levels, modulate serum IGF-I input to the brain. IGF-I input to the brain is determined

by serum levels and by the mechanisms involved in transporting IGF-I across the BBBs. The latter

can also be affected by life style factors, genetic background and environmental cues. Compro-

mised IGF-I input to the brain will lead to reduced insulin sensitivity through mechanisms not yet

known. The combined failure of IGF-I and insulin actions on the brain will lead to metabolic

imbalance and eventually to the pathological changes found in AD
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6 Conclusions

We propose that life style factors influence IGF-I availability to target cells in the

brain. As insulin and IGF-I function are intertwined, defective IGF-I signaling will

deteriorate insulin function and vice versa. Regardless of which is the primary

pathogenic event, brain metabolic impairment will follow, leading to AD neuropa-

thology. A better understanding of the mechanisms whereby life style factors

determine insulin and IGF-I input to the brain will help clarify the role played by

environmental factors in development of this devastating disease.
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