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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 24™ Collogue 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;
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2 C.R. Kahn and R. Suzuki
Renteria et al. 2008).The insulin receptor (IR) was initially identified using '*’I-
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 o,f, 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 o-subunit of the
IR serves as both the insulin binding subunit and the regulatory subunit. Insulin
binding to the o-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 o-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 o- 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
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Fig. 1 Modular structure of insulin receptor (IR) gene and protein. Schematic of the o, f3, structure
of the IR. On the left, the half-receptor heterodimer is depicted by its genomic structure, which is
encoded by the 22-exon sequences. On the right, the half-receptor heterodimer is depicted by
predicted protein modules. L1: large domain 1; CR: cystein-rich domain; L2: large domain 2; Fn:
fibronectin type III domains; Ins: Insert; TM: transmembrane domain; JM: juxtamembrane
domain; TK: tyrosine kinase domain; CT: C-terminal domain. The orange arrowheads indicate
the N-glycosylation sites. Adapted from De Meyts and Whittaker (2002)

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

Insulin
Cytokines
Plasma membrane J
p Rec
-~ L |
N ) ek
<'\'_hR_a£'. JaK,
/ @E@ e~ \ +
? - (85l (Stab)
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Synthesis - GSK3) —"\ /»___/ Pathway
Protein Synthesis
Glycogen
Synthesis — Pl 3-Kinase — Activation process
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Fig. 2 Signaling networks of insulin and IGF-I receptors. The insulin and IGF-1 signaling
networks are complex and contain at least three critical nodes. The three major nodes in this
pathway are the IR coupled to IRS proteins (purple box), PI 3-Kinase (green box), and Akt (blue
box). Plain arrows represent an activation process, blocked arrows represent an inhibition process,
and dashed arrows represent an activation process with less intensity. Cytokine (TNFao, IL6, leptin)
signaling pathways have been shown to interfere with insulin signaling and are also represented on
this figure (orange and red arrows). Adapted from Taniguchi et al. (2006)
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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 CEACAMI1 (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
etal. 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
etal. 2000), IRAS (Sano et al. 2002) and others (Kruger et al. 2008; Hanke and Mann
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. 20006).

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
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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
TNFo 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-/ox 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 PIP;3 in the hypothalamus, while response to leptin remained normal
(Fig. 3, top; Schubert et al. 2004). As a result of CNS insulin resistance, NIRKO

PIP3 staining
Basal 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
PIP; 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)



Insulin Action in the Brain and the Pathogenesis of Alzheimer’s Disease 7

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 NIRKO mice (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%,

a Food Intake White Fat Mass ~ Plasma Leptin - plasma Insulin
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Fig. 4 Metabolic phenotypes of brain-specific IR knockout (NIRKO) mice. Knockout of the IR
in the brain results in mild hyperphagia and obesity with increased leptin levels and increased
plasma insulin levels (Panel a). WT: wild type; KO: knockout. The hyperglycemia is due to a
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 (IRAwb) and a second
restricted to peripheral tissues (IRAper) (Koch et al. 2008). While both strains
developed severe hyperinsulinemia, hyperglycemia was more pronounced in
IRAwb 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 IRAwb mice also had a more pronounced reduction in the white adipose tissue
(WAT) mass than IRAper, 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 GSK38 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 A} 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.

GSK3p Tau-P (Thr 231)
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Fig. 5 Altered GSK3 and Tau phosphorlation in brain-specific IR knockout (NIRKO) mice. The
left panel shows reduced GSK3[3 phosphorylation in the NIRKO mouse brain as determined by
immunoblotting. Since phosphorylation decreases GSK3f activity, this decrease would corre-
spond to increased kinase activity. The right panel shows increased Tau threonine-231 phosphor-
ylation, which is presumably the result of the increased GSK3[ activity. Increased Tau
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 AB. 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)-¢4 allele compared
to either patients without this allele or normal subjects (Cook et al. 2003). A recent
report exhibited that AB 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 AB (Fakhrai-Rad et al. 2000; Farris et al. 2004). Further-
more, genetic discuption of IDE gene in mice causes increased levels of cerebral
AB and glucose intolerance with hyperinsulinemia (Farris et al. 2003).

Because of the strong AB-degrading ability of IDE, defects in IDE activity in the
brain can be a direct trigger of AB 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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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”

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).
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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

HMG CoA Reductase
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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-
sis, was measured using RNA from hypothalami of brains from control mice, mice with strepto-
zotocin (STZ)-induced diabetes (a model of type 1 diabetes) and ob/ob mice (a model of obesity
and type 2 diabetes) using quantitative real-time PCR. Data are expressed relative to control levels
of 1.0
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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-eg4 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 A 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
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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).



The Brain-insulin Connection, Metabolic Diseases and Related Pathologies 23

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 20006).

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; Koénner 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; Konner 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; Konner 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 Konner 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 STAT?3 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
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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

LOW CENTRAL/PERIPHERAL INSULIN RATIO IN
DYSFUNCTIONS

Central insulin Insulinemia  Central/peripheral

w | ! |
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Fig. 2 Animportant 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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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

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
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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 impaired with 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; Mclntyre 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” (Mclntyre 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 (Lezonalch 2007; Nelson et al.
2007; Sanchez et al. 2001).
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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

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
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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.



34 K. Gerozissis

References

Abbott MA, Wells DG, Fallon JR (1999) The insulin receptor tyrosine kinase substrate p58/53 and
the insulin receptor are components of CNS synapses. J Neurosci 19:7300-7308

Accili D (2004) Lilly lecture 2003: the struggle for mastery in insulin action: from triumvirate to
republic. Diabetes 53:1633-1642

Ahima RS, Saper CB, Flier JS, Elmquist JK (2000) Leptin regulation of neuroendocrine systems.
Front Neuroendocrinol 21:263-307

Banas SM, Rouch C, Kassis N, Markaki EM, Gerozissis K (2009) A dietary fat excess alters
metabolic and neuroendocrine responses before the onset of metabolic diseases. Cell Mol
Neurobiol 29:157-168

Banks WA (2004) The source of cerebral insulin. Eur J Pharmacol 490:5-12

Banks WA, Lebel CR (2002) Strategies for the delivery of leptin to the CNS. J Drug Target
10:297-308

Banks WA, Farr SA, Morley JE (2006) The effects of high fat diets on the blood-brain barrier
transport of leptin: failure or adaptation? Physiol Behav 88:244-248

Baskin DG, Porte D, Jr., Guest K, Dorsa DM (1983) Regional concentrations of insulin in the rat
brain. Endocrinology 112:898-903

Baskin DG, Stein LJ, Ikeda H, Woods SC, Figlewicz DP, Porte D, Jr., Greenwood MR, Dorsa DM
(1985) Genetically obese Zucker rats have abnormally low brain insulin content. Life Sci
36:627-633

Baura GD, Foster DM, Porte D, Jr., Kahn SE, Bergman RN, Cobelli C, Schwartz MW (1993)
Saturable transport of insulin from plasma into the central nervous system of dogs in vivo.
A mechanism for regulated insulin delivery to the brain. J Clin Invest 92:1824-1830

Benedict C, Hallschmid M, Schultes B, Born J, Kern W (2007) Intranasal insulin to improve
memory function in humans. Neuroendocrinology 86:136—142

Benedict C, Kern W, Schultes B, Born J, Hallschmid M (2008) Differential sensitivity of men and
women to anorexigenic and memory-improving effects of intranasal insulin. J Clin Endocrinol
Metab 93:1339-1344

Benoit SC, Clegg DJ, Barrera JG, Seeley RJ, Woods SC (2003) Learned meal initiation attenuates
the anorexic effects of the melanocortin agonist MTII. Diabetes 52:2684—-2688

Benomar Y, Roy AF, Aubourg A, Djiane J, Taouis M (2005) Cross down-regulation of leptin
and insulin receptor expression and signalling in a human neuronal cell line. Biochem J
388:929-939

Benomar Y, Berthou F, Vacher CM, Bailleux V, Gertler A, Djiane J, Taouis M (2009) Leptin but
not ciliary neurotrophic factor (CNTF) induces phosphotyrosine phosphatase-1B expression in
human neuronal cells (SH-SY5Y): putative explanation of CNTF efficacy in leptin-resistant
state. Endocrinology 150:1182-1191

Berthoud HR, Morrison C (2008) The brain, appetite, and obesity. Annu Rev Psychol 59:55-92

Bingham EM, Hopkins D, Smith D, Pernet A, Hallett W, Reed L, Marsden PK, Amiel SA (2002)
The role of insulin in human brain glucose metabolism: an 18fluoro-deoxyglucose positron
emission tomography study. Diabetes 51:3384-3390

Blundell JE (1984) Serotonin and appetite. Neuropharmacology 23:1537-1551

Bojanowska E (2005) Physiology and pathophysiology of glucagon-like peptide-1 (GLP-1): the
role of GLP-1 in the pathogenesis of diabetes mellitus, obesity, and stress. Med Sci Monit 11:
RA271-278

Born J, Lange T, Kern W, McGregor GP, Bickel U, Fehm HL (2002) Sniffing neuropeptides: a
transnasal approach to the human brain. Nature Neurosci 5:514-516

Bruning JC, Gautam D, Burks DJ, Gillette J, Schubert M, Orban PC, Klein R, Krone W, Muller-
Wieland D, Kahn CR (2000) Role of brain insulin receptor in control of body weight and
reproduction. Science 289:2122-2125



The Brain-insulin Connection, Metabolic Diseases and Related Pathologies 35

Burks DJ, Font de Mora J, Schubert M, Withers DJ, Myers MG, Towery HH, Altamuro SL,
Flint CL, White MF (2000) IRS-2 pathways integrate female reproduction and energy
homeostasis. Nature 407:377-382

Calapai G, Corica F, Corsonello A, Sautebin L, Di Rosa M, Campo GM, Buemi M, Mauro VN,
Caputi AP (1999) Leptin increases serotonin turnover by inhibition of brain nitric oxide
synthesis. J Clin Invest 104:975-982

Carvalheira JB, Siloto RM, Ignacchitti I, Brenelli SL, Carvalho CR, Leite A, Velloso LA, Gontijo
JA, Saad MJ (2001) Insulin modulates leptin-induced STAT3 activation in rat hypothalamus.
FEBS Lett 500:119-124

Clarke DW, Mudd L, Boyd FT, Jr., Fields M, Raizada MK (1986) Insulin is released from rat brain
neuronal cells in culture. J Neurochem 47:831-836

Clegg DJ, Benoit SC, Reed JA, Woods SC, Dunn-Meynell A, Levin BE (2005) Reduced anorexic
effects of insulin in obesity-prone rats fed a moderate-fat diet. Am J Physiol Regul Integr Comp
Physiol 288:R981-R986

Cohen A, Horton ES (2007) Progress in the treatment of type 2 diabetes: new pharmacologic
approaches to improve glycemic control. Curr Med Res Opin 23:905-917

Cohen E, Dillin A (2008) The insulin paradox: aging, proteotoxicity and neurodegeneration.
Nature Rev Neurosci 9:759-767

Craft S (2007) Insulin resistance and Alzheimer’s disease pathogenesis: potential mechanisms and
implications for treatment. Curr Alzheimer Res 4:147-152

Craft S, Peskind E, Schwartz MW, Schellenberg GD, Raskind M, Porte D, Jr. (1998) Cerebrospi-
nal fluid and plasma insulin levels in Alzheimer’s disease: relationship to severity of dementia
and apolipoprotein E genotype. Neurology 50:164—168

Craft S, Asthana S, Newcomer JW, Wilkinson CW, Matos IT, Baker LD, Cherrier M, Lofgreen C,
Latendresse S, Petrova A, Plymate S, Raskind M, Grimwood K, Veith RC (1999) Enhancement
of memory in Alzheimer disease with insulin and somatostatin, but not glucose. Arch Gen
Psychiat 56:1135-1140

Craft S, Asthana S, Cook DG, Baker LD, Cherrier M, Purganan K, Wait C, Petrova A, Latendresse S,
Watson GS, Newcomer JW, Schellenberg GD, Krohn AJ (2003) Insulin dose-response effects
on memory and plasma amyloid precursor protein in Alzheimer’s disease: interactions with
apolipoprotein E genotype. Psychoneuroendocrinology 28:809—-822

Cruciani-Guglielmacci C, Vincent-Lamon M, Rouch C, Orosco M, Ktorza A, Magnan C (2005)
Early changes in insulin secretion and action induced by high-fat diet are related to a decreased
sympathetic tone. Am J Physiol Endocrinol Metab 288:E148-E154

de la Monte SM, Wands JR (2005) Review of insulin and insulin-like growth factor expression,
signaling, and malfunction in the central nervous system: relevance to Alzheimer’s disease.
J Alzheimers Dis 7:45-61

Devaskar SU, Giddings SJ, Rajakumar PA, Carnaghi LR, Menon RK, Zahm DS (1994)
Insulin gene expression and insulin synthesis in mammalian neuronal cells. J Biol Chem
269:8445-8454

Dore S, Kar S, Rowe W, Quirion R (1997) Distribution and levels of [ 1251]IGF-I, [125I]IGF-II and
[1251]insulin receptor binding sites in the hippocampus of aged memory-unimpaired and —
impaired rats. Neuroscience 80:1033-1040

Doyle P, Cusin I, Rohner-Jeanrenaud F, Jeanrenaud B (1995) Four-day hyperinsulinemia in
euglycemic conditions alters local cerebral glucose utilization in specific brain nuclei of freely
moving rats. Brain Res 684:47-55

Drake AJ, Livingstone DE, Andrew R, Seckl JR, Morton NM, Walker BR (2005) Reduced adipose
glucocorticoid reactivation and increased hepatic glucocorticoid clearance as an early adapta-
tion to high-fat feeding in Wistar rats. Endocrinology 146:913-919

Drazen DL, Wortman MD, Seeley RJ, Woods SC (2005) Neuropeptide Y prepares rats for
scheduled feeding. Am J Physiol Regul Integr Comp Physiol 288:R1606-R1611

Drazen DL, Vahl TP, D’Alessio DA, Seeley RJ, Woods SC (2006) Effects of a fixed meal pattern
on ghrelin secretion: evidence for a learned response independent of nutrient status. Endocri-
nology 147:23-30



36 K. Gerozissis

Elias PK, Elias MF, D’Agostino RB, Cupples LA, Wilson PW, Silbershatz H, Wolf PA (1997)
NIDDM and blood pressure as risk factors for poor cognitive performance. The Framingham
Study. Diabetes Care 20:1388-1395

Fehm HL, Kern W, Peters A (2006) The selfish brain: competition for energy resources. Prog
Brain Res 153:129-140

Fetissov SO, Gerozissis K, Orosco M, Nicolaidis S (2000) Synergistic effect of arcuate and raphe
nuclei graft to alleviate insulinemia and obesity in Zucker rats. Acta Diabetol 37:65-70

Feurte S, Nicolaidis S, Gerozissis K (2000) Is the early increase in leptinemia one of the anorectic
signals induced by an essential amino acid-deficient diet in the rat? Endocrinology
141:3916-3919

Fewlass DC, Noboa K, Pi-Sunyer FX, Johnston JM, Yan SD, Tezapsidis N (2004) Obesity-related
leptin regulates Alzheimer’s Abeta. Faseb J 18:1870-1878

Figlewicz DP, Szot P, Israel PA, Payne C, Dorsa DM (1993) Insulin reduces norepinephrine
transporter mRNA in vivo in rat locus coeruleus. Brain Res 602:161-164

Finn PD, Cunningham MJ, Rickard DG, Clifton DK, Steiner RA (2001) Serotonergic neurons are
targets for leptin in the monkey. J Clin Endocrinol Metab 86:422-426

Frolich L, Blum-Degen D, Bernstein HG, Engelsberger S, Humrich J, Laufer S, Muschner D,
Thalheimer A, Turk A, Hoyer S, Zochling R, Boissl KW, Jellinger K, Riederer P (1998) Brain
insulin and insulin receptors in aging and sporadic Alzheimer’s disease. J Neural Transm
105:423-438

Gerich JE (2002) Novel insulins: expanding options in diabetes management. Am J Med
113:308-316

Gerozissis K (2003) Brain insulin: regulation, mechanisms of action and functions. Cell Mol
Neurobiol 23:1-25

Gerozissis K (2004) Brain insulin and feeding: a bi-directional communication. Eur J Pharmacol
490:59-70

Gerozissis K (2008) Brain insulin, energy and glucose homeostasis; genes, environment and
metabolic pathologies. Eur J Pharmacol 585:38—49

Gerozissis K, Banas SM, Markaki EM, Apazoglou K, Rouch C (2006) The serotonin connection in
the insulin-leptin neuroregulation of food intake. 36" SFN meeting, Atlanta, GA, USA

Gerozissis K, Markaki EM, Rouch C, Banas SM, Berthou F, Bailbe D, Taouis M (2008) Alteration
of both hypothalamic insulin and serotonin in a type 2 diabetes model, Diabetologia 51
(Suppll):A774

Gerozissis K, Orosco M, Rouch C, Nicolaidis S (1993) Basal and hyperinsulinemia-induced
immunoreactive hypothalamic insulin changes in lean and genetically obese Zucker rats
revealed by microdialysis. Brain Res 611:258-263

Gerozissis K, Orosco M, Rouch C, Nicolaidis S (1997) Insulin responses to a fat meal in
hypothalamic microdialysates and plasma. Physiol Behav 62:767-772

Gerozissis K, Rouch C, Nicolaidis S, Orosco M (1999) Brain insulin response to feeding in the rat
is both macronutrient and area specific. Physiol Behav 66:271-275

Gerozissis K, Rouch C, Lemierre S, Nicolaidis S, Orosco M (2001) A potential role of central
insulin in learning and memory related to feeding. Cell Mol Neurobiol 21:389-401

Gerozissis K, Banas SM, Berthou F, Bailleux V, Rouch C, Taouis M (2007) Brain insulin signaling
regulation by leptin and serotonin. Potential impact on the development of metabolic diseases.
Diabetologia, 50 (Suppl 1):A0015

Ghibaudi L, Cook J, Farley C, van Heek M, Hwa JJ (2002) Fat intake affects adiposity, comorbid-
ity factors, and energy metabolism of sprague-dawley rats. Obes Res 10:956-963

Gispen WH, Biessels GJ (2000) Cognition and synaptic plasticity in diabetes mellitus. Trends
Neurosci 23:542-549

Greco SJ, Sarkar S, Johnston JM, Zhu X, Su B, Casadesus G, Ashford JW, Smith MA,
Tezapsidis N (2008) Leptin reduces Alzheimer’s disease-related tau phosphorylation in
neuronal cells. Biochem Biophys Res Commun 376:536-541



The Brain-insulin Connection, Metabolic Diseases and Related Pathologies 37

Greenwood CE, Winocur G (2001) Glucose treatment reduces memory deficits in young adult rats
fed high-fat diets. Neurobiol Learn Mem 75:179-189

Griffin ME, Marcucci MJ, Cline GW, Bell K, Barucci N, Lee D, Goodyear LJ, Kraegen EW,
White MF, Shulman GI (1999) Free fatty acid-induced insulin resistance is associated with
activation of protein kinase C theta and alterations in the insulin signaling cascade. Diabetes
48:1270-1274

Grunblatt E, Salkovic-Petrisic M, Osmanovic J, Riederer P, Hoyer S (2007) Brain insulin system
dysfunction in streptozotocin intracerebroventricularly treated rats generates hyperphosphory-
lated tau protein. J Neurochem 101:757-770

Guillod-Maximin E, Roy AF, Vacher CM, Aubourg A, Bailleux V, Lorsignol A, Penicaud L,
Parquet M, Taouis M (2009) Adiponectin receptors are expressed in hypothalamus and
colocalized with proopiomelanocortin and neuropeptide Y in rodent arcuate neurons. J Endo-
crinol 200:93-105

Hallschmid M, Benedict C, Schultes B, Fehm HL, Born J, Kern W (2004) Intranasal insulin
reduces body fat in men but not in women. Diabetes 53:3024-3029

Harvey J, Ashford ML (2003) Leptin in the CNS: much more than a satiety signal. Neuropharma-
cology 44:845-854

Havrankova J, Roth J, Brownstein M (1978a) Insulin receptors are widely distributed in the central
nervous system of the rat. Nature 272:827-829

Havrankova J, Schmechel D, Roth J, Brownstein M (1978b) Identification of insulin in rat brain.
Proc Natl Acad Sci USA 75:5737-5741

Hay-Schmidt A, Helboe L, Larsen PJ (2001) Leptin receptor immunoreactivity is present in
ascending serotonergic and catecholaminergic neurons of the rat. Neuroendocrinology
73:215-226

Heisler LK, Cowley MA, Tecott LH, Fan W, Low MJ, Smart JL, Rubinstein M, Tatro JB,
Marcus JN, Holstege H, Lee CE, Cone RD, Elmquist JK (2002) Activation of central mela-
nocortin pathways by fenfluramine. Science 297:609-611

Helkala EL, Niskanen L, Viinamaki H, Partanen J, Uusitupa M (1995) Short-term and long-term
memory in elderly patients with NIDDM. Diabetes Care 18:681-685

Hennige AM, Sartorius T, Tschritter O, Preissl H, Fritsche A, Ruth P, Haring HU (2006) Tissue
selectivity of insulin detemir action in vivo. Diabetologia 49:1274-1282

Hoyer S (1998) Is sporadic Alzheimer disease the brain type of non-insulin dependent diabetes
mellitus? A challenging hypothesis. J Neural Transm 105:415-422

Hrytsenko O, Wright JR, Jr., Morrison CM, Pohajdak B (2007) Insulin expression in the brain and
pituitary cells of tilapia (Oreochromis niloticus). Brain Res 1135:31-40

Hsiung SC, Adlersberg M, Arango V, Mann JJ, Tamir H, Liu KP (2003) Attenuated 5-HT1A
receptor signaling in brains of suicide victims: involvement of adenylyl cyclase, phosphatidy-
linositol 3-kinase, Akt and mitogen-activated protein kinase. J Neurochem 87:182—-194

Huang CC, Lee CC, Hsu KS (2004) An investigation into signal transduction mechanisms
involved in insulin-induced long-term depression in the CAl region of the hippocampus.
J Neurochem 89:217-231

Inoue H, Ogawa W, Asakawa A, Okamoto Y, Nishizawa A, Matsumoto M, Teshigawara K,
Matsuki Y, Watanabe E, Hiramatsu R, Notohara K, Katayose K, Okamura H, Kahn CR,
Noda T, Takeda K, Akira S, Inui A, Kasuga M (2006) Role of hepatic STAT3 in brain-insulin
action on hepatic glucose production. Cell Metab 3:267-275

Irani BG, Dunn-Meynell AA, Levin BE (2007) Altered hypothalamic leptin, insulin, and mela-
nocortin binding associated with moderate-fat diet and predisposition to obesity. Endocrinol-
ogy 148:310-316

Israel PA, Park CR, Schwartz MW, Green PK, Sipols AJ, Woods SC, Porte D, Jr., Figlewicz DP
(1993) Effect of diet-induced obesity and experimental hyperinsulinemia on insulin uptake into
CSF of the rat. Brain Res Bull 30:571-575

Jolivalt CG, Lee CA, Beiswenger KK, Smith JL, Orlov M, Torrance MA, Masliah E (2008)
Defective insulin signaling pathway and increased glycogen synthase kinase-3 activity in the



38 K. Gerozissis

brain of diabetic mice: parallels with Alzheimer’s disease and correction by insulin. J Neurosci
Res 86:3265-3274

Kaiyala KJ, Prigeon RL, Kahn SE, Woods SC, Schwartz MW (2000) Obesity induced by a high-fat
diet is associated with reduced brain insulin transport in dogs. Diabetes 49:1525-1533

Kalia M (2005) Neurobiological basis of depression: an update. Metabolism 54:24-27

Kalra SP, Dube MG, Pu S, Xu B, Horvath TL, Kalra PS (1999) Interacting appetite-regulating
pathways in the hypothalamic regulation of body weight. Endocr Rev 20:68—100

Kern W, Benedict C, Schultes B, Plohr F, Moser A, Born J, Fehm HL, Hallschmid M (2006) Low
cerebrospinal fluid insulin levels in obese humans. Diabetologia 49:2790-2792

Kidd PM (2008) Alzheimer’s disease, amnestic mild cognitive impairment, and age-associated
memory impairment: current understanding and progress toward integrative prevention. Altern
Med Rev 13:85-115

Kitraki E, Soulis G, Gerozissis K (2004) Impaired neuroendocrine response to stress following a
short-term fat-enriched diet. Neuroendocrinology 79:338-345

Kodl CT, Seaquist ER (2008) Cognitive dysfunction and diabetes mellitus. Endocr Rev
29:494-511

Konner AC, Janoschek R, Plum L, Jordan SD, Rother E, Ma X, Xu C, Enriori P, Hampel B,
Barsh GS, Kahn CR, Cowley MA, Ashcroft FM, Bruning JC (2007) Insulin action in
AgRP-expressing neurons is required for suppression of hepatic glucose production. Cell
Metab 5:438-449

Kopf SR, Baratti CM (1999) Effects of posttraining administration of insulin on retention of a
habituation response in mice: participation of a central cholinergic mechanism. Neurobiol
Learn Mem 71:50-61

Koros C, Boukouvalas G, Gerozissis K, Kitraki E (2009) Fat diet affects leptin receptor levels in
the rat cerebellum. Nutrition 25:85-87

Lam DD, Farooqi IS, Heisler LK (2007) Melanocortin receptors as targets in the treatment of
obesity. Curr Top Med Chem 7:1085-1097

Lam DD, Przydzial MJ, Ridley SH, Yeo GS, Rochford JJ, O’Rahilly S, Heisler LK (2008)
Serotonin 5-HT2C receptor agonist promotes hypophagia via downstream activation of
melanocortin 4 receptors. Endocrinology 149:1323-1328

Lam TK, Pocai A, Gutierrez-Juarez R, Obici S, Bryan J, Aguilar-Bryan L, Schwartz GJ, Rossetti L
(2005) Hypothalamic sensing of circulating fatty acids is required for glucose homeostasis.
Nat Med 11:320-327

Lemierre S, Rouch C, Nicolaidis S, Orosco M (1998) Combined effect of obesity and aging on
feeding-induced monoamine release in the rostromedial hypothalamus of the Zucker rat. Int
J Obes Relat Metab Disord 22:993-999

Lezoualc’h F (2007) 5-HT4 receptor and Alzheimer’s disease: the amyloid connection. Exp
Neurol 205:325-329

Li L, Holscher C (2007) Common pathological processes in Alzheimer disease and type 2 diabetes:
a review. Brain Res Rev 56:384-402

Lin S, Storlien LH, Huang XF (2000) Leptin receptor, NPY, POMC mRNA expression in the diet-
induced obese mouse brain. Brain Res 875:89-95

Lin X, Taguchi A, Park S, Kushner JA, Li F, Li Y, White MF (2004) Dysregulation of
insulin receptor substrate 2 in B cells and brain causes obesity and diabetes. J Clin Invest
114:908-916

Looker HC, Knowler WC, Hanson RL (2001) Changes in BMI and weight before and after the
development of type 2 diabetes. Diabetes Care 24:1917-1922

Lu XY (2007) The leptin hypothesis of depression: a potential link between mood disorders and
obesity? Curr Opin Pharmacol 7:648-652

Luchsinger JA, Tang MX, Shea S, Mayeux R (2004) Hyperinsulinemia and risk of Alzheimer
disease. Neurology 63:1187-1192

Lustman PJ, Clouse RE (2005) Depression in diabetic patients: the relationship between mood and
glycemic control. J Diabetes Complications 19:113-122



The Brain-insulin Connection, Metabolic Diseases and Related Pathologies 39

Lustman PJ, Penckofer SM, Clouse RE (2008) Recent advances in understanding depression in
adults with diabetes. Curr Psychiatry Rep 10:495-502

Madadi G, Dalvi PS, Belsham DD (2008) Regulation of brain insulin mRNA by glucose and
glucagon-like peptide 1. Biochem Biophys Res Commun 376:694-699

Mattson MP, Maudsley S, Martin B (2004a) BDNF and 5-HT: a dynamic duo in age-related
neuronal plasticity and neurodegenerative disorders. Trends Neurosci 27:589-594

Mattson MP, Maudsley S, Martin B (2004b) A neural signaling triumvirate that influences ageing
and age-related disease: insulin/IGF-1, BDNF and serotonin. Ageing Res Rev 3:445-464

Mclntyre RS, Soczynska JK, Konarski JZ, Woldeyohannes HO, Law CW, Miranda A, Fulgosi D,
Kennedy SH (2007) Should depressive syndromes be reclassified as "Metabolic Syndrome
Type II"? Ann Clin Psychiat 19:257-264

McNay EC (2007) Insulin and ghrelin: peripheral hormones modulating memory and hippocampal
function. Curr Opin Pharmacol 7:628-632

Messier C, Gagnon M (1996) Glucose regulation and cognitive functions: relation to Alzheimer’s
disease and diabetes. Behav Brain Res 75:1-11

Messier C, Gagnon M, Knott V (1997) Effect of glucose and peripheral glucose regulation on
memory in the elderly. Neurobiol Aging 18:297-304

Morrison CD (2009) Leptin signaling in brain: A link between nutrition and cognition? Biochim
Biophys Acta 1792:401-408

Morton GJ, Cummings DE, Baskin DG, Barsh GS, Schwartz MW (2006) Central nervous system
control of food intake and body weight. Nature 443:289-295

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H, Kangawa K, Matsukura S (2001) A role
for ghrelin in the central regulation of feeding. Nature 409:194-198

Nelson RL, Guo Z, Halagappa VM, Pearson M, Gray AJ, Matsuoka Y, Brown M, Martin B,
Iyun T, Maudsley S, Clark RF, Mattson MP (2007) Prophylactic treatment with paroxetine
ameliorates behavioral deficits and retards the development of amyloid and tau pathologies in
3xTgAD mice. Exp Neurol 205:166—-176

Niswender KD, Schwartz MW (2003) Insulin and leptin revisited: adiposity signals with
overlapping physiological and intracellular signaling capabilities. Front Neuroendocrinol
24:1-10

Niswender KD, Gallis B, Blevins JE, Corson MA, Schwartz MW, Baskin DG (2003a) Immuno-
cytochemical detection of phosphatidylinositol 3-kinase activation by insulin and leptin.
J Histochem Cytochem 51:275-283

Niswender KD, Morrison CD, Clegg DJ, Olson R, Baskin DG, Myers MG, Jr., Seeley RJ,
Schwartz MW (2003b) Insulin activation of phosphatidylinositol 3-kinase in the hypothalamic
arcuate nucleus: a key mediator of insulin-induced anorexia. Diabetes 52:227-231

Niswender KD, Baskin DG, Schwartz MW (2004) Insulin and its evolving partnership with
leptin in the hypothalamic control of energy homeostasis. Trends Endocrinol Metab
15:362-369

Obici S, Feng Z, Karkanias G, Baskin DG, Rossetti L (2002a) Decreasing hypothalamic insulin
receptors causes hyperphagia and insulin resistance in rats. Nature Neurosci 5:566—-572

Obici S, Zhang BB, Karkanias G, Rossetti L (2002b) Hypothalamic insulin signaling is required
for inhibition of glucose production. Nature Med 8:1376-1382

Okamoto H, Nakae J, Kitamura T, Park BC, Dragatsis I, Accili D (2004) Transgenic rescue of
insulin receptor-deficient mice. J Clin Invest 114:214-223

Okamoto H, Obici S, Accili D, Rossetti L (2005) Restoration of liver insulin signaling in Insr
knockout mice fails to normalize hepatic insulin action. J Clin Invest 115:1314-1322

Okamura F, Tashiro A, Utumi A, Imai T, Suchi T, Tamura D, Sato Y, Suzuki S, Hongo M (2000)
Insulin resistance in patients with depression and its changes during the clinical course of
depression: minimal model analysis. Metabolism 49:1255-1260

O’Malley D, Harvey J (2007) MAPK-dependent actin cytoskeletal reorganization underlies BK
channel activation by insulin. Eur J Neurosci 25:673—-682



40 K. Gerozissis

Orosco M, Gerozissis K (2001) Macronutrient-induced cascade of events leading to parallel
changes in hypothalamic serotonin and insulin. Neurosci Biobehav Rev 25:167-174

Orosco M, Gerozissis K, Rouch C, Meile MJ, Nicolaidis S (1995) Hypothalamic monoamines and
insulin in relation to feeding in the genetically obese Zucker rat as revealed by microdialysis.
Obes Res 3 Suppl 5:6555-665S

Orosco M, Rouch C, Gerozissis K (2000) Activation of hypothalamic insulin by serotonin is the
primary event of the insulin-serotonin interaction involved in the control of feeding. Brain Res
872:64-70

Pardridge WM (2007) Drug targeting to the brain. Pharm Res 24:1733-1744

Park CR (2001) Cognitive effects of insulin in the central nervous system. Neurosci Biobehav Rev
25:311-323

Park CR, Seeley RJ, Craft S, Woods SC (2000) Intracerebroventricular insulin enhances memory
in a passive-avoidance task. Physiol Behav 68:509-514

Paulus K, Schulz C, Lehnert H (2005) Central nervous effects of leptin and insulin on hippocampal
leptin and insulin receptor expression following a learning task in Wistar rats. Neuropsycho-
biology 51:100-106

Perrin C, Knauf C, Burcelin R (2004) Intracerebroventricular infusion of glucose, insulin, and
the adenosine monophosphate-activated kinase activator, 5-aminoimidazole-4-carboxamide-
1-beta-D-ribofuranoside, controls muscle glycogen synthesis. Endocrinology 145:4025-4033

Perry T, Greig NH (2002) The glucagon-like peptides: a new genre in therapeutic targets for
intervention in Alzheimer’s disease. J Alzheimers Dis 4:487-496

Plum L, Schubert M, Bruning JC (2005) The role of insulin receptor signaling in the brain. Trends
Endocrinol Metab 16:59-65

Plum L, Belgardt BF, Bruning JC (2006) Central insulin action in energy and glucose homeostasis.
J Clin Invest 116:1761-1766

Pocai A, Lam TK, Gutierrez-Juarez R, Obici S, Schwartz GJ, Bryan J, Aguilar-Bryan L,
Rossetti L (2005) Hypothalamic K(ATP) channels control hepatic glucose production. Nature
434:1026-1031

Porte D, Jr., Baskin DG, Schwartz MW (2005) Insulin signaling in the central nervous system: a
critical role in metabolic homeostasis and disease from C. elegans to humans. Diabetes
54:1264-1276

Prada PO, Zecchin HG, Gasparetti AL, Torsoni MA, Ueno M, Hirata AE, Corezola do
Amaral ME, Hoer NF, Boschero AC, Saad MJ (2005) Western diet modulates insulin signal-
ing, c-Jun N-terminal kinase activity, and insulin receptor substrate-1ser307 phosphorylation
in a tissue-specific fashion. Endocrinology 146:1576-1587

Prodi E, Obici S (2006) Minireview: the brain as a molecular target for diabetic therapy.
Endocrinology 147:2664-2669

Reagan LP (2007) Insulin signaling effects on memory and mood. Curr Opin Pharmacol
7:633-637

Reger MA, Craft S (2006) Intranasal insulin administration: a method for dissociating central and
peripheral effects of insulin. Drugs Today (Barc) 42:729-739

Reger MA, Watson GS, Green PS, Baker LD, Cholerton B, Fishel MA, Plymate SR, Cherrier MM,
Schellenberg GD, Frey WH, 2nd, Craft S (2008a) Intranasal insulin administration dose-
dependently modulates verbal memory and plasma amyloid-f3 in memory-impaired older
adults. J Alzheimers Dis 13:323-331

Reger MA, Watson GS, Green PS, Wilkinson CW, Baker LD, Cholerton B, Fishel MA,
Plymate SR, Breitner JC, DeGroodt W, Mehta P, Craft S (2008b) Intranasal insulin improves
cognition and modulates B-amyloid in early AD. Neurology 70:440-448

Rother E, Konner AC, Bruning JC (2008) Neurocircuits integrating hormone and nutrient signal-
ing in control of glucose metabolism. Am J Physiol Endocrinol Metab 294:E810-E816

Rouch C, Meile MJ, Gerozissis K (2005) Persisting neural and endocrine modifications induced by
a single fat meal. Cell Mol Neurobiol 25:995-1008



The Brain-insulin Connection, Metabolic Diseases and Related Pathologies 41

Sanchez V, Camarero J, Esteban B, Peter MJ, Green AR, Colado MI (2001) The mechanisms
involved in the long-lasting neuroprotective effect of fluoxetine against MDMA (‘ecstasy’)-
induced degeneration of 5-HT nerve endings in rat brain. Br J Pharmacol 134:46-57

Santos MS, Pereira EM, Carvaho AP (1999) Stimulation of immunoreactive insulin release by
glucose in rat brain synaptosomes. Neurochem Res 24:33-36

Schechter R, Sadiq HF, Devaskar SU (1990) Insulin and insulin mRNA are detected in neuronal
cell cultures maintained in an insulin-free/serum-free medium. J Histochem Cytochem
38:829-836

Schechter R, Whitmire J, Wheet GS, Beju D, Jackson KW, Harlow R, Gavin JR, 3rd (1994)
Immunohistochemical and in situ hybridization study of an insulin-like substance in fetal
neuron cell cultures. Brain Res 636:9-27

Schechter R, Beju D, Gaffney T, Schaefer F, Whetsell L (1996) Preproinsulin I and Il mRNAs and
insulin electron microscopic immunoreaction are present within the rat fetal nervous system.
Brain Res 736:16-27

Schechter R, Beju D, Miller KE (2005) The effect of insulin deficiency on tau and neurofilament in
the insulin knockout mouse. Biochem Biophys Res Commun 334:979-986

Schubert M, Gautam D, Surjo D, Ueki K, Baudler S, Schubert D, Kondo T, Alber J, Galldiks N,
Kustermann E, Arndt S, Jacobs AH, Krone W, Kahn CR, Bruning JC (2004) Role for neuronal
insulin resistance in neurodegenerative diseases. Proc Natl Acad Sci USA 101:3100-3105

Schulingkamp RJ, Pagano TC, Hung D, Raffa RB (2000) Insulin receptors and insulin action in the
brain: review and clinical implications. Neurosci Biobehav Rev 24:855-872

Schwartz MW (2001) Progress in the search for neuronal mechanisms coupling type 2 diabetes to
obesity. J Clin Invest 108:963-964

Schwartz MW, Porte D, Jr. (2005) Diabetes, obesity, and the brain. Science 307:375-379

Schwartz MW, Figlewicz DP, Baskin DG, Woods SC, Porte D, Jr. (1992) Insulin in the brain: a
hormonal regulator of energy balance. Endocr Rev 13:387-414

Shanley LJ, Irving AJ, Harvey J (2001) Leptin enhances NMDA receptor function and modulates
hippocampal synaptic plasticity. J Neurosci 21:RC186

Shanley LJ, O’Malley D, Irving AJ, Ashford ML, Harvey J (2002) Leptin inhibits epileptiform-
like activity in rat hippocampal neurones via PI 3-kinase-driven activation of BK channels.
J Physiol 545:933-944

Shioda S, Funahashi H, Nakajo S, Yada T, Maruta O, Nakai Y (1998) Immunohistochemical
localization of leptin receptor in the rat brain. Neurosci Lett 243:41-44

Signore AP, Zhang F, Weng Z, Gao Y, Chen J (2008) Leptin neuroprotection in the CNS:
mechanisms and therapeutic potentials. J Neurochem 106:1977-1990

Sipols AJ, Baskin DG, Schwartz MW (1995) Effect of intracerebroventricular insulin infusion on
diabetic hyperphagia and hypothalamic neuropeptide gene expression. Diabetes 44:147-151

Soulis G, Kitraki E, Gerozissis K (2005) Early neuroendocrine alterations in female rats following
a diet moderately enriched in fat. Cell Mol Neurobiol 25:869-880

Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR, Tavares R, Xu XJ, Wands JR, de la
Monte SM (2005) Impaired insulin and insulin-like growth factor expression and signaling
mechanisms in Alzheimer’s disease—is this type 3 diabetes? J Alzheimers Dis 7:63-80

Stein LJ, Dorsa DM, Baskin DG, Figlewicz DP, Porte D, Jr., Woods SC (1987) Reduced effect of
experimental peripheral hyperinsulinemia to elevate cerebrospinal fluid insulin concentrations
of obese Zucker rats. Endocrinology 121:1611-1615

Stewart SM, Rao U, White P (2005) Depression and diabetes in children and adolescents. Curr
Opin Pediatr 17:626-631

Stockhorst U, de Fries D, Steingrueber HJ, Scherbaum WA (2004) Insulin and the CNS: effects on
food intake, memory, and endocrine parameters and the role of intranasal insulin administra-
tion in humans. Physiol Behav 83:47-54

Strachan MW, Deary 1J, Ewing FM, Frier BM (1997) Is type II diabetes associated with an
increased risk of cognitive dysfunction? A critical review of published studies. Diabetes Care
20:438-445



42 K. Gerozissis

Tecott LH, Sun LM, Akana SF, Strack AM, Lowenstein DH, Dallman MF, Julius D (1995) Eating
disorder and epilepsy in mice lacking 5-HT2c serotonin receptors. Nature 374:542-546

Telles MM, Guimaraes RB, Ribeiro EB (2003) Effect of leptin on the acute feeding-induced
hypothalamic serotonergic stimulation in normal rats. Regul Pept 115:11-18

Tong L, Thornton PL, Balazs R, Cotman CW (2001) Beta -amyloid-(1-42) impairs activity-
dependent cAMP-response element-binding protein signaling in neurons at concentrations in
which cell survival Is not compromised. J Biol Chem 276:17301-17306

Tracy AL, Jarrard LE, Davidson TL (2001) The hippocampus and motivation revisited: appetite
and activity. Behav Brain Res 127:13-23

Tschritter O, Preissl H, Hennige AM, Stumvoll M, Porubska K, Frost R, Marx H, Klosel B,
Lutzenberger W, Birbaumer N, Haring HU, Fritsche A (2006) The cerebrocortical response to
hyperinsulinemia is reduced in overweight humans: a magnetoencephalographic study. Proc
Natl Acad Sci USA 103:12103-12108

Unger JW, Livingston JN, Moss AM (1991) Insulin receptors in the central nervous system:
localization, signalling mechanisms and functional aspects. Prog Neurobiol 36:343-362

van der Heide LP, Kamal A, Artola A, Gispen WH, Ramakers GM (2005) Insulin modulates
hippocampal activity-dependent synaptic plasticity in a N-methyl-d-aspartate receptor and
phosphatidyl-inositol-3-kinase-dependent manner. J Neurochem 94:1158-1166

Watson GS, Craft S (2004) Modulation of memory by insulin and glucose: neuropsychological
observations in Alzheimer’s disease. Eur J Pharmacol 490:97-113

White CL, Whittington A, Barnes MJ, Wang Z, Bray GA, Morrison CD (2009) HF diets increase
hypothalamic PTP1B and induce leptin resistance through both leptin-dependent and -
independent mechanisms. Am J Physiol Endocrinol Metab 296:E291-E299

Winocur G, Gagnon S (1998) Glucose treatment attenuates spatial learning and memory deficits of
aged rats on tests of hippocampal function. Neurobiol Aging 19:233-241

Woods SC, Lotter EC, McKay LD, Porte D, Jr. (1979) Chronic intracerebroventricular infusion of
insulin reduces food intake and body weight of baboons. Nature 282:503-505

Woods SC, Schwartz MW, Baskin DG, Seeley RJ (2000) Food intake and the regulation of body
weight. Annu Rev Psychol 51:255-277

Woods SC, Seeley RJ, Baskin DG, Schwartz MW (2003) Insulin and the blood-brain barrier. Curr
Pharm Des 9:795-800

Woods SC, D’Alessio DA, Tso P, Rushing PA, Clegg DJ, Benoit SC, Gotoh K, Liu M, Seeley RJ
(2004) Consumption of a high-fat diet alters the homeostatic regulation of energy balance.
Physiol Behav 83:573-578

Wozniak M, Rydzewski B, Baker SP, Raizada MK (1993) The cellular and physiological actions
of insulin in the central nervous system. Neurochem Int 22:1-10

Wrighten SA, Piroli GG, Grillo CA, Reagan LP (2009) A look inside the diabetic brain: Con-
tributors to diabetes-induced brain aging. Biochim Biophys Acta 1799:444-453

Yamada M, Ohnishi H, Sano S, Nakatani A, lIkeuchi T, Hatanaka H (1997) Insulin receptor
substrate (IRS)-1 and IRS-2 are tyrosine-phosphorylated and associated with phosphatidyli-
nositol 3-kinase in response to brain-derived neurotrophic factor in cultured cerebral cortical
neurons. J Biol Chem 272:30334-30339

Zhao WQ, Alkon DL (2001) Role of insulin and insulin receptor in learning and memory. Mol Cell
Endocrinol 177:125-134

Zhao WQ, Chen H, Quon MJ, Alkon DL (2004) Insulin and the insulin receptor in experimental
models of learning and memory. Eur J Pharmacol 490:71-81

Zhou L, Williams T, Lachey JL, Kishi T, Cowley MA, Heisler LK (2005) Serotonergic pathways
converge upon central melanocortin systems to regulate energy balance. Peptides 26:1728-1732

Ziotopoulou M, Mantzoros CS, Hileman SM, Flier JS (2000) Differential expression of hypotha-
lamic neuropeptides in the early phase of diet-induced obesity in mice. Am J Physiol Endo-
crinol Metab 279:E838-E845



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 {3 cells, whereas T2DM may 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 TIDM 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 (Magarifios 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 TIDM and T2DM rats exhibited
decreases in phosphorylated Akt and phosphorylated GSK-3f3 (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 TIDM 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
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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 TIDM 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 -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; Magarifios 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 (Magarifios 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.

S 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, T1IDM 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
arole 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 (Dor€ 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; Magarifios 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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Fig. 1 Potential mechanistic mediators of neuroplasticity deficits in diabetes. Since a variety of
factors may adversely affect the CNS and contribute to accelerated brain aging in diabetes patients,
the identification of a ‘keystone’ mediator appears unlikely. More realistically, the pathophysio-
logical features of diabetes interact in an additive or synergistic fashion to impair neuronal
plasticity and increase the risk for age-related disorders such as dementia and AD. See text for
details

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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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 CAl, 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/db mice
exhibit LTP impairment at perforant path synapses in the dentate gyrus (Fig. 1;
Stranahan et al. 2008a) and Schaffer collateral synapses in hippocampal area CAl
(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. (¢) 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
dbl/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/ob mouse 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; Magarifios 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 L'TP 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