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Abstract

Through their well described actions in the hypothalamus, appetitive peptides such as insulin,
orexin and leptin are recognized as important regulators of food intake, body weight and body
composition. Beyond these metabolic activities, these peptides also are critically involved in a
wide variety of activities ranging from modulation of immune and neuroendocrine function to
addictive behaviors and reproduction. The neurological activities of insulin, orexin and leptin also
include facilitation of hippocampal synaptic plasticity and enhancement of cognitive performance.
While patients with metabolic disorders such as obesity and diabetes have greater risk of
developing cognitive deficits, dementia and Alzheimer’s disease (AD), the underlying
mechanisms that are responsible for, or contribute to, age-related cognitive decline are poorly
understood. In view of the importance of these peptides in metabolic disorders, it is not surprising
that there is a greater focus on their potential role in cognitive deficits associated with aging. The
goal of this review is to describe the evidence from clinical and pre-clinical studies implicating
insulin, orexin and leptin in the etiology and progression of age-related cognitive decline.
Collectively, these studies support the hypothesis that leptin and insulin resistance, concepts
normally associated with the hypothalamus, are also applicable to the hippocampus.
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1. Introduction

Neuroplasticity may be defined as the ability of an organism to adapt to changes in the
external or internal milieu and can be assessed using a variety of experimental approaches.
In this regard, neuroplasticity can be evaluated through approaches ranging from
neuroanatomical analyses to neurochemical and electrophysiological measures to behavior.
An important question is what are the underlying molecular, cellular and neurochemical
factors that regulate brain plasticity? In addition to neurotransmitters and neurotrophic
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factors, insulin, leptin and orexin are examples of neuropeptides that promote hippocampal
synaptic plasticity (Figure 1). Insulin derived from the pancreas and leptin derived from
adipocytes have well described activities in the hypothalamus, which includes regulation of
the orexin system. Orexin neurons from the lateral hypothalamus/perfornical area project
directly to the hippocampus and to the medial septum, which sends GABAergic,
glutamatergic and acetylcholinergic projections to the hippocampus. Indeed, recent studies
indicate that activation of these orexigenic pathways facilitates the performance of
hippocampal-dependent tasks (Stanley et al., 2012). Beyond these integrative activities,
insulin and leptin act directly in the hippocampus to promote measures of hippocampal
synaptic plasticity, including enhancement of neuronal morphology, increases in
neurogenesis/cell proliferation and increases in synaptic transmission (i.e. long term
potentiation; LTP). These neuroanatomical, electrophysiological and neurochemical
enhancements will facilitate cognitive/behavioral performance. Conversely, age-related
decline in hippocampal neuroplasticity and cognition is associated with impairments in the
functional activities of insulin, orexin and leptin. The focus of this review is to highlight
how these peptides that are normally associated with the regulation of metabolism and body
weight play a critical role in the facilitation of hippocampal neuronal plasticity, as well as
how the impairments in the neuroplasticity activities of these appetitive peptides is a
contributing factor in age-related cognitive decline.

2. 1. Role of insulin in promoting plasticity

Insulin is a peptidic hormone secreted by the pancreatic islets of Langerhans, regulated by
the gut hormone glucagon-like peptide-1 (GLP-1) in response to meal ingestion. Although
insulin receptors were identified in the brain 3 decades ago (Havrankova et al., 1978;
Havrankova et al., 1979; Havrankova et al., 1981; Hill et al., 1986; Unger et al., 1989) with
functions regulating glucose metabolism, food intake and body weight (Schwartz et al.,
1992), only within the last decade or so, the role of insulin in synaptic plasticity and
cognitive functions has become a subject of research. Insulin receptors are localized at the
synapse where they regulate neurotransmitter release and receptor recruitment (Wan et al.,
1997; Jonas et al., 1997; Abbott et al., 1999). Insulin plays a role in regulating synaptic
efficacy in the CNS by rapid recruitment of GABAa receptors that potentiate inhibitory
synaptic transmission (Wan et al., 1997; Taghibiglou et al., 2009). It has also been shown
that insulin enhances NMDA receptor-mediated synaptic transmission (Liu et al., 1995),
stimulates the translation of PSD-95 protein (Lee et al., 2005) and promotes internalization
of AMPA receptors causing long term depression (LTD) of excitatory synaptic transmission
(Huang et al., 2003; Huang et al., 2004). By intracerebroventricular injections, insulin was
demonstrated to activate protein kinase B (PKB or Akt) via the phosphatidylinositol 3-
kinase (P13-K) pathway in the rat hippocampus (Grillo et al., 2009). Recently, a GSK3
inhibitor was shown not only to prevent, but also to reverse, AB-induced inhibition of LTP
in brain slice preparations, suggesting that over-activation of GSK3p, that can result from
disrupted insulin signaling but also a number of other pathways including protein
phosphatase (Graff et al., 2010; Dineley et al., 2010), is responsible for pathological
synaptic plasticity (Jo et al., 2011). More recently, insulin was also shown to increase the
frequency of MEPSC (excitatory synapse) and to promote dendritic spine formation via the
PI3K/Akt/mTOR pathway, playing a crucial role in structural synaptic plasticity (Lee et al.,
2011). Another support of the role of insulin in synaptic plasticity is the recent
demonstration that a reduced insulin receptor expression in mouse brain impairs
hippocampal late-phase LTP and this was associated with deficits in long term recognition
memory (Nistico et al., 2012).
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2.2. Role of insulin in age-related cognitive deficits

In this review, we will focus on insulin and age-related cognitive deficits; however insulin
appears to play a role independent of age. This is underlined in a recent study demonstrating
that cognition is acutely impaired in children with newly diagnosed type 1 diabetes, when
insulin regimen is only initiated (Nadebaum et al., 2012). Similarly, metabolic syndrome in
adolescents, that included insulin resistance for all subjects, results in reductions in cognitive
functions and brain structural integrity, despite a relatively short duration of poor metabolic
control and no vascular disease (Yau et al., 2012). These results suggest that insulin
resistance without overt hyperglycemia may lead to brain complications. Cognitive deficits
generally associated with aging range from mild cognitive impairments (MCI) to dementia,
including Alzheimer’s disease (AD). In recent years, the role of insulin in the brain of AD
and/or diabetic patients has emerged as a principal contributor to the development of
cognitive impairments and has become the focus of detailed studies to understand the
mechanisms involved.

Diabetes mellitus is sub-classified into type 1 (insulin-deficient) and type 2 (insulin-
resistant) diabetes and cognitive deficits occur in both of these patient populations (Ryan et
al., 1985; Rovet et al., 1987; Reaven et al., 1990; Ryan and Williams, 1993; McCarthy et al.,
2002; Cukierman et al., 2005; Manschot et al., 2006; Biessels et al., 2008). Studies have
found a relative risk of about 1.9 to 2.3 of developing AD for diabetic patients (Ott et al.,
1996; Leibson et al., 1997; Ronnemaa et al., 2009), and this risk can increase up to 5.5 in the
presence of Apo E4, a risk factor for AD (Peila et al., 2002). More recently, diabetes was
shown to increase not only the risk of dementia but also the risk of progression from MCI to
AD (Velayudhan et al., 2010). Uncontrolled diabetes (no insulin treatment) was associated
with development of AD, while patients with controlled diabetes showed no increased
dementia, suggesting a role of impaired insulin signaling in the development of
neurodegeneration and AD (Xu et al., 2009). Insulin signaling encompasses assorted
signaling pathways, including those mediated by phospholipase Cy, mitogen-activated
protein kinase (MAPK) and PI3-K with the subsequent downstream involvement of GSK3.
Recently, we have shown that 9 weeks of peripheral insulin deficiency induced by systemtic
injection of streptozotocin is sufficient to cause AD-like features in the brain of type 1
diabetic mice. This pathology was associated with learning and memory deficits and
decreased insulin receptor expression and Akt phosphorylation in the brain leading to
increased GSK3 activity, increased tau phosphorylation and increased A protein levels
(Jolivalt et al., 2008). Several other studies in both type 1 and type 2 diabetes further support
impaired brain insulin signaling leading to reduced PI3-K pathway activity and subsequent
increased GSK3 activity. Recently, we have shown that type 1 diabetes exacerbates brain
aging and increase vascular mediated A depositions in the brain of Senescence prone or
resistant mice, a model of accelerated aging (Currais et al., 2012). Interestingly, intranasal
insulin delivery in type 1 diabetic mice prevents cognitive decline, cerebral atrophy and the
decrease of the PI3-K/Akt signaling pathway (Francis et al., 2008). In a rat model of type 2
diabetes, intranasal insulin administration normalized Akt and GSK3p activities and reduced
tau phosphorylation while subcutaneous insulin treatment had only minimal effects (Yang et
al., 2012). Metformin, a FDA-approved drug used to treat type 2 diabetic patients,
administered to high fat diet fed rats for 21 days improved learning and memory deficits as
well as improved insulin resistance (Pintana et al., 2012). However, in ab/db mice, which
develop insulin resistance, metformin attenuates AD-like neuropathology, such as increased
phosphorylated tau but did not improve insulin levels, GSK3 activity or learning behavior
(Lietal., 2012a).

AD is characterized by neuronal loss, neurofibrillary tangles enriched with highly

phosphorylated tau protein and plaques containing amyloid  derived from cleavage of
Amyloid Precursor Protein (APP). It has been suggested that AD is a neuroendocrine
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disorder of the brain due to deficiency in brain insulin and impaired insulin signaling (de la
Monte and Wands, 2005; Steen et al., 2005; Revill et al., 2006). The role of the insulin-
signaling pathway and GSK3 in AD brain was suggested by intracerebroventricular-
streptozotocin (icv-STZ) rodent models that display AD-type neurodegeneration, including
deficits in learning and memory (Plaschke and Hoyer, 1993; Duelli et al., 1994; Lannert and
Hoyer, 1998). STZ, when injected directly into the brain, rapidly induced a dramatic
reduction of insulin gene expression and subsequent neurodegeneration and cognitive
impairments that were accompanied by an increase of activated GSK3, phosphorylated tau,
APP mRNA and amyloid { (Steen et al., 2005; Lester-Coll et al., 2006; Plaschke et al.,
2010; Santos et al., 2012; Shingo et al., 2012). In addition to the icv-STZ rat model,
transgenic mouse models overexpressing active GSK3 also displayed cognitive deficits
associated with neuronal loss and tau hyperphosphorylation in contrast to mouse models
expressing reduced GSK3 activity [reviewed in (Avila et al., 2010)]. These models
strengthen the importance of GSK3 in the neurodegeneration. Also, /n vitro studies have
shown defective insulin signaling as a result of amyloid B oligomer toxicity, suggesting that
restoration of insulin signaling may slow AD pathogenesis (De Felice et al., 2009). The role
of insulin signaling in AD brain is further supported by animal studies showing exacerbation
of tau deposition into tangles in a mouse model expressing human tau with concomitant
insulin-deficient diabetes (Ke et al., 2009) and studies showing that induction of type 1
diabetes with STZ in familial AD transgenic mouse models exaggerated both vascular and
AD-like pathology (Burdo et al., 2009; Jolivalt et al., 2010). Further support for the role of
impaired insulin signaling as contributor to brain neurodegeneration was demonstrated with
insulin-resistance/type 2 diabetes studies showing amyloidosis in a mouse model of AD with
concomitant diet-induced insulin-resistance (Ho et al., 2004) and AD transgenic mice
APP23 crossbred with type 2 diabetic ob/0b mice that displayed exacerbated cognitive
deficits without increased AP burden in the brain but cerebral inflammation and amyloid
deposit in blood vessels (Takeda et al., 2010).

2.3. Translation of animal models with insulin signaling impairment to the clinical setting

In a cohort of 75 year old men and women, impaired insulin sensitivity, calculated based on
fasting insulin and glucose levels, correlates with reduced cognitive performance and
decreased brain size (Benedict et al., 2012). Brain insulin resistance in AD patients, assessed
ex vivo by insulin stimulation of the hippocampus and Western blots of the insulin signaling
pathway proteins, was associated with worse performance on tests of working and episodic
memory, suggesting that insulin signaling has a direct association with cognitive status
(Talbot et al., 2012). In a recent prospective study following older adults over 9 years, the
presence of diabetes mellitus and poor glucose control was associated with worse cognitive
function and greater decline than adults without diabetes, suggesting that the severity of
diabetes may contribute to accelerated cognitive aging (Yaffe et al., 2012). A recent autopsy
study showed decreased activities of the components of the insulin-P13-K/Akt pathway and
increased tau phosphorylation levels in the brain of AD and type 2 diabetic patients,
alterations that were more severe in patients with co-morbid AD and type 2 diabetes (Liu et
al., 2011). A 4 week diet-induced metabolic syndrome, with insulin resistance, in adults with
MCI promoted a decrease of AP protein in cerebrospinal fluid that may correspond to the
initiation of AP deposition in the brain (Bayer-Carter et al., 2011). In contrast, insulin
infusion in type 2 diabetic patients reduces APP, presenilin-1and -2 (proteins from the f-
secretase complex that cleave APP), and GSK-33 mRNA in peripheral blood mononuclear
cells (Dandona et al., 2011). In a recent study to develop a novel diagnostic marker, plasma
Ap levels were increased in AD patients after a glucose load despite similar Ap levels
between AD and non-AD patients (Takeda et al., 2012).
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A number of clinical studies with intranasal administration of insulin in patients with
diabetes, MCI or AD also underscore the role and mechanism(s) of impaired insulin
signaling in the development of cognitive deficits. In the latest review, Shemesh et al.
assessed 8 studies performed in the past 8 years that included healthy, obese, MCI or AD
patients and concluded that intranasal insulin has a positive effect on cognitive functions
despite limited number of patients, different doses and tests used in the reviewed studies
(Shemesh et al., 2012). In a recent pilot randomized placebo-controlled trial, 4 month
treatment with intranasal insulin resulted in stabilization or improvement of cognition in
MCI and AD patients (Craft et al., 2012a).

2.4. Potential therapeutic intervention based on insulin action

Some therapeutic interventions aimed at correcting insulin resistance for AD or MCI
patients, such as insulin-sensitizers, insulinotropes, intranasal insulin, antioxidant and anti-
inflammatory drugs or drugs targeting GSK3 as treatment for type 2 diabetes and AD are
described in recent reviews (de la Monte, 2012; Gao et al., 2012; Craft et al., 2012b). Here,
we will summarize only the most recent aspects of intervention based on current results and
mechanisms presented above.

Pioglitazone, an insulin-sensitizer, as well as lithium, a GSK3 inhibitor, restored memory
impairments in icv-STZ rats, behavioral improvements that were associated with a
significant attenuation of GSK3 activity in the hippocampus. Memantine, one of the few
approved drug for the treatment of AD (albeit with modest effect on moderate to severe AD)
improved memory but not GSK3 activity in the icv-STZ rat model (Ponce-Lopez et al.,
2011). Chronic lithium treatment in an aged AD transgenic mouse model decreased the
cleavage of APP and senile plaque formation, and this was accompanied by improvement in
spatial learning and memory abilities (Zhang et al., 2011). In a recent 12 month-long trial
with lithium in MCI patients, cognitive deficits and attention tasks were improved along
with decreased levels of phosphorylated tau in the CSF (Forlenza et al., 2011). In our recent
work (under revision), the role of GSK3 in learning and memory and synaptic plasticity in
type 1 diabetic mice was confirmed by treatment with a GSK3 inhibitor or a neurotrophic
factor with GSK3 inhibitory properties. The cognitive improvements were associated with
restoration of synaptophysin protein levels in the brain of treated diabetic mice but not with
tau phosphorylation or A protein levels, suggesting that, in contrast to synaptic plasticity,
tau and AB may be late contributors to learning and memory processes in diabetic mice
brain. These results also support GSK3 inhibition as a treatment for type 1-associated
cognitive deficits and AD.

Glucagon-like peptide-1 (GLP-1) is an incretin hormone regulating energy metabolism and
insulin secretion with a short half-life due to degradation. GLP-1, but not its degradation
metabolites, has been shown to improve markers of cognitive functions in type 2 diabetes
models (Porter et al., 2012). A number of long lasting analogs have been developed, such as
2 drugs on the market to treat type 2 diabetes, exendin-4, commercialized under Byetta™,
and liraglutide. Treatment with liraglutide showed neuroprotective effects in mice with high-
fat diet-induced obesity and insulin resistance (Porter et al., 2010) and in an AD mouse
model APP/PS1 in which it rescued memory deficits and impairments in LTP, reduced Ap
levels and amyloid plaque numbers, protected synapses and reduced inflammation in the
brain (McClean et al., 2010; McClean et al., 2011). Similar observations have been made
with the long-acting GLP-1 analog (Val®)GLP-1 which protected LTP and reduced the
dense-core plaque count in aged APP/PS1 mice (Gengler et al., 2012). In recent studies,
GLP-1 or analogs were shown to ameliorate neurodegeneration and cognitive performance
in icv-STZ rats with impaired insulin signaling in the brain. Treatment with exedin-4 (Ex-4),
a long-acting GLP-1 receptor agonist, or (Val®)GLP-1 improved learning and memory in the
Morris water maze and reversed icv-STZ-induced tau phosphorylation (Li et al., 2012b) via

Ageing Res Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fadel et al.

3. Leptin

Page 6

down-regulation of GSK3p activity (Chen et al., 2012). Ex-4 was also shown to improve
cognitive behavior and neurogenesis in the hippocampus of adult rodents (Isacson et al.,
2011) and in a mouse model of obesity and insulin-resistance (Gault et al., 2010). Similarly,
in the STZ mouse model of type 1 diabetes, in which we have demonstrated AD-like
features and insulin signaling impairment in the brain (Jolivalt et al., 2008), we have shown
that Ex-4 significantly prevented memory impairments in the Barnes maze in diabetic mice
after 8 weeks of treatment (Figure 2), without affecting plasma glucose or insulin levels
(Jolivalt et al., 2011), suggesting that activation of GLP-1 receptor provides neuroprotective
effect in the brain of type 1 diabetic mice independent of direct glucose or insulin
modulation. These latest data showed that activation of GLP-1 receptor might have
beneficial central effects in both types of diabetes as well as in AD.

The role of insulin and more particularly of impaired insulin signaling in the brain has been
clearly demonstrated in the last decade as a contributor to neurodegeneration and associated
cognitive decline. Collectively, these recent data suggest that insulin delivered directly to the
brain and modulators of insulin and/or insulin signaling pathway may represent potential
therapeutic interventions against impairments of cognitive performance and dementia for
patients with diabetes, MCI or AD.

3.1. Leptin signaling in the regulation of metabolic parameters

Leptin is synthesized and secreted by adipocytes and is transported across the blood-barrier
(BBB) via a saturable transport system (Banks, 2004). In the hypothalamus, leptin is
recognized as an important integrator for coordinating the peripheral and central signals that
regulate food intake, body weight and body composition [For review see, (Schwartz et al.,
2000)]. This includes functional connections with brain regions such as the ventral
tegmental area [VTA,; for review, see (Figlewicz and Benoit, 2009)]. For example, lateral
hypothalamic (LH) LepR-containing neurons project to the VTA, where they regulate
feeding behavior (Figlewicz et al., 2007; Leinninger et al., 2009). These actions of leptin are
mediated through the long form of the LepR (LepRb), which is abundantly expressed in
several hypothalamic nuclei including the arcuate nucleus and the ventromedial nucleus
(Elmquist et al., 1998; Baskin et al., 1999). In the hypothalamus, activation of the LepRb
results in a complex and integrated activation of several signal transduction cascades.
Specifically, the LepRb activates the constitutively associated tyrosine kinase Jak2, resulting
in autophosphorylation of Jak2, as well as phosphorylation of several tyrosine residues
within the intracellular domain of the LepRb. Phosphorylation of the LepRb at Tyr1138
results in the recruitment and phosphorylation of the transcriptional regulator STAT3
(pSTAT3), thereby leading to nuclear translocation and regulation of a variety of genes
including suppressor of cytokine signaling 3 (SOCS3). SOCS3 binds to Tyr985 of the
LepRDb, as well as to Jak2, to mediate feedback inhibition of the LepRb. Interestingly,
Try985 also provides a binding site for the tyrosine phosphatase SHP-2, which ultimately
leads to the activation of the ERK signaling cascade. Tyr1107 phosphorylation leads to the
activation of the transcription factor STATS5. Beyond these Tyr residues on the LepRb,
autophosphorylation of Jak2 stimulates the phosphatidylinositol 3-kinase (P13-K) cascade,
leading to the phosphorylation and activation of Akt. [For review of these pathways, see
(Munzberg and Myers, Jr., 2005; Myers, Jr. et al., 2010)]. These coordinated signaling
cascades are critical for the regulation of food intake and body composition. Conversely,
obesity and type 2 diabetes are associated with hypothalamic leptin resistance that results
from a combination of decreased LepRb signaling and decreased BBB leptin transport
(Banks, 2004). Mechanistically, studies by Banks and Levin demonstrated that decreases in
hypothalamic LepRb signaling precedes impaired BBB leptin transport in diet-induced
obesity models (Levin et al., 2004). As will be described below, hypothalamic leptin
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resistance also appears to be a hallmark feature of aging. Beyond the hypothalamus, this
section will focus on the role of LepRb in the facilitation of hippocampal synaptic plasticity
and will discuss the hypothesis that leptin resistance, a concept normally reserved for the
hypothalamus, may be a contributing factor in age-related impairments in hippocampal
synaptic plasticity.

3.2. Leptin facilitation of hippocampal neuroplasticity: preclinical studies

Leptin plays a key role in neuronal development (Morrison, 2009) and also facilitates
structural and functional activities in the adult central nervous system (CNS). Indeed,
previous studies have determined that leptin facilitates hippocampal neuroplasticity in
normal control rodents. For example, intrahippocampal administration of leptin elicits dose-
dependent effects on hippocampal-dependent learning (Farr et al., 2006). Similarly,
intravenous (iv) administration of leptin elicits dose-dependent effects in the passive
avoidance learning and spatial learning in the water maze (Oomura et al., 2006). Underlying
these enhancements in hippocampal-dependent behaviors, leptin regulates hippocampal
plasticity by converting short term potentiation (STP) into LTP (Shanley et al., 2001a), a
cellular correlate of learning and memory processes in the mammalian brain. More recent
studies illustrate that leptin administration enhances LTP in CA1 pyramidal neurons
(Oomura et al., 2006) and dentate gyrus granule neurons (Wayner et al., 2004). Interestingly,
NMDA receptor subunit composition appears to dictate the age-dependent effects of leptin
on synaptic transmission. Specifically, leptin mediates long term depression (LTD) in
neonatal rat hippocampal slices through GluN2B-containing receptors, while eliciting LTP
in hippocampal slices from young rats or aged rats through GIuN2B containing receptors
(Moult and Harvey, 2011). Beyond these electrophysiological measures, leptin modulation
of glutamatergic neurotransmission (Shanley et al., 2001b; Durakoglugil et al., 2005; Moult
et al., 2009) and glutamate receptor trafficking (Moult and Harvey, 2009; Moult et al., 2010)
may also contribute to leptin-mediated enhancement of cognitive function. Confocal
immunoflurorescence analyses has determined that leptin regulates the morphological
features of primary hippocampal cultures, including the motility of dendritic filopodia and
hippocampal synaptic density (O’Malley et al., 2007). Chronic leptin administration
increases cell proliferation in the dentate gyrus and protects hippocampal neurons from
excitotoxic damage in both the in vivo and in vitro settings (Garza et al., 2008). Collectively,
these pre-clinical data support the hypothesis that leptin facilitates morphological,
electrophysiology and behavioral measures of hippocampal synaptic plasticity.

Neuroplasticity deficits observed in leptin deficient ob/0b mice and rodents with impaired
leptin receptor signaling (ab/db mice and Zucker rats) provide further support for the
concept that leptin is an important regulator and facilitator of hippocampal synaptic
plasticity. This includes deficits in hippocampal long term potentiation (Li et al., 2002;
Gerges et al., 2003; Stranahan et al., 2008), morphological changes such as decreases in
spine density in dentate gyrus granule neurons (Stranahan et al., 2009), as well as decreases
in cell proliferation and neurogenesis in the dentate gyrus (Stranahan et al., 2008).
Ultimately, these electrophysiological and morphological deficits contribute to the
behavioral deficits observed in db/ab mice and Zucker rats (Li et al., 2002; Winocur et al.,
2005). In this regard, our prior studies revealed that Zucker rats can perform a learning task
in the absence of an inter-trial interval (ITI) or when the ITI is very short. However, when
the ITI is increased, which more directly assesses hippocampal-dependent function, these
leptin receptor deficient rats perform more poorly when compared to control rats (Winocur
et al., 2005). Interestingly, Zucker rats also exhibit increases in AD-like pathology,
including increases in hyper-phosphorylated tau immunoreactivity in the dentate gyrus and
CA3 region of the hippocampus (Wrighten et al., 2008). Collectively, these data illustrate
that hippocampal synaptic plasticity is impaired in leptin-deficient rodents.
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One caveat associated with these studies is the identification of the role of leptin receptor
deficiency in these models. Indeed, ob/0b mice, db/db mice and Zucker rats exhibit a wide
array of metabolic and endocrine changes that include, but are not limited to glucose
intolerance, insulin resistance, leptin resistance, hypothalamic-pituitary-adrenal axis
dysfunction and alterations in plasma lipid profiles. As a result, the cause and effect
relationship of leptin to neuroplasticity deficits described above must be interpreted with
caution. However, experimental models of AD and studies in aged rodents provide
additional support for a causative role for leptin resistance in age-related cognitive decline.
For example, leptin administration to control (six month-old) rats effectively reduces food
intake and hypothalamic NPY mRNA expression, but is less effective in aged (30 month-
old) senescent rats (Shek and Scarpace, 2000; Scarpace et al., 2000a). These results suggest
that aged rats exhibit leptin resistance. Subsequent studies from these same investigators
determined that while maximal stimulation of pSTAT3 was similar following peripheral
(intravenous) administration, the dose response curve for leptin was shifted to the right in
aged rats (Scarpace et al., 2000b). Interestingly, both decreased pSTATS3 activation and the
rightward shift of the leptin dose response curve were observed in aged rats following
intracerebroventricular leptin administration (Shek and Scarpace, 2000; Scarpace et al.,
2001). Moreover, pSTATS3 transcription factor binding activity was significantly reduced in
aged rats (Shek and Scarpace, 2000; Scarpace et al., 2001). Decreases in leptin receptor
MRNA expression (Fernandez-Galaz et al., 2001) and protein levels (Scarpace et al., 2001,
Fernandez-Galaz et al., 2001), increases in SOCS3 mRNA levels (Wang et al., 2001), as
well as age-related decreases in BBB leptin transport (Fernandez-Galaz et al., 2001) may
also contribute to decreased leptin responsiveness in aged rats. While these studies focused
on hypothalamic measures, the take home message is that aged rodents exhibit leptin
resistance (although see (Hosoi et al., 2005). An important future direction would be to
determine whether age-related leptin resistance is specific for the hypothalamus, or whether
leptin resistance extends to other brain regions and contributes to age-related neuroplasticity
deficits in the hippocampus.

3.3. Mechanistic basis of leptin-mediated neuroprotection

Studies in experimental models of AD support the notion that leptin provides
neuroprotection from the deleterious consequences of aging and have provided insight into
the mechanistic basis for this neuroprotection. For example, in the ABPP/PS1 mouse, a
transgenenic mouse model of AD, hippocampal administration of a lentiviral vector that
overexpresses leptin promotes cell proliferation and neurogenesis in the dentate gyrus and
also decreases the density of Fluro-Jade histochemical labeling in the dentate gryus (Perez-
Gonzalez et al., 2011). In other transgenic mouse models of AD, leptin infusion has been
shown to decrease amyloid-f levels in total brain extracts (Fewlass et al., 2004). This same
study determined that leptin treatment dose-dependently decreased AP uptake in cloned
neuronal cells. Subsequent studies from these same investigators confirmed these /n vivo
findings and also determined that leptin treatment reduced hippocampal amyloid burden and
that chronic leptin administration reversed the impairment in hippocampal-dependent
learning in an AD transgenic mouse model (Greco et al., 2010). Mechanistically, these
neuroprotective activities of leptin have been proposed to be mediated through LepRb
activation of AMP-activated protein kinase (Greco et al., 2009) and STAT5 activation
(Marwarha et al., 2011). Recent studies by Doherty and co-workers support the hypothesis
that leptin provides protection of hippocampal neurons from AD-mediated neurotoxicity.
For example, amyloid-p-induced decreases in LTP and enhancement of LTD in hippocampal
slices were inhibited by bath application of leptin. This facilitation of hippocampal synaptic
transmission was inhibited by wortmannin and P1828, implicating leptin-induced activation
in the PI3 kinase pathway in these activities (Doherty et al., 2013). An obvious question that
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emerges from these studies in experimental models of aging and AD is whether these
observations are translatable to the clinical setting.

3.4. Leptin and age-related cognitive decline: clinical observations

While clinical studies support the concept that cognitive decline and neuroplasticity deficits
in patients with metabolic disorders like type 2 diabetes is based in part on leptin resistance
(Labad et al., 2012), the picture is less clear regarding a causative role for leptin resistance in
age-related cognitive decline. The weaknesses in this causal relationship may be related to a
variety of factors, including the potential contribution of age-related changes in endocrine
profiles (Rosenbaum et al., 1996; Ostlund, Jr. et al., 1996; Baumgartner et al., 1999; Isidori
et al., 2000), as well as age-related changes in body composition and metabolic parameters
(Perry, 111 et al., 1997; Isidori et al., 2000), which includes pre-dementia weight loss
(Barrett-Connor et al., 1996; Barrett-Connor et al., 1998). These factors provide a potential
explanation for the disparate findings in studies that have measured leptin activity in aging.
Generally speaking, these studies suggest that plasma leptin levels decrease with age in
women, particularly post-menopausal women and that body mass index (BMI) or fat mass
are also important determinants in age-related changes in plasma leptin levels. Although
some studies suggest that leptin levels are decreased in AD patients (Power et al., 2001;
Bigalke et al., 2011), an important question that these studies cannot address is how these
changes in plasma levels impact leptin-mediated neuroplasticity. More simply, can age-
related cognitive decline elicited by hippocampal leptin resistance be accurately assessed by
measurement of plasma leptin levels?

A number of studies have addressed the relationship of age-related changes in plasma leptin
levels to measures of neuroplasticity such as cognitive performance and structural analyses.
For example, reductions in executive function, which is proposed to reflect frontal cortical
function, was associated with higher plasma leptin levels in otherwise healthy community-
dwelling elderly participants (Gunstad et al., 2008). Conversely, higher plasma leptin levels
were associated with decreased cognitive decline in a prospective study involving healthy
elderly participants (Holden et al., 2009). Similarly, a more recent prospective study
reported that higher plasma leptin levels were associated with decreased risk of developing
dementia/MCI in elderly women (Zeki et al., 2012). The designs of these studies provide a
likely explanation for these dissimilar findings; a single time point measure of cognition
versus analysis of cognitive decline over a four-year period. Results from the Framingham
Study support this potential explanation and also provided analysis in structural parameters
in aged populations. In this regard, elevated plasma leptin levels were associated with
decreased incidence of dementia and AD. Moreover, elevated plasma leptin levels were
associated with larger total brain volumes, as well as indirect assessments suggestive of
larger hippocampal formation volumes (Lieb et al., 2009). Voxel-based morphometric
analyses that provided more direct assessment of hippocampal volumes determined that
elevated plasma leptin levels were associated with increased grey matter volumes in right
hippocampus and left parahippocampus in a small cohort of healthy elderly participants
(Narita et al., 2009). Additional support for neurotrophic activities of leptin are provided by
studies in leptin-deficient humans receiving leptin replacement (Matochik et al., 2005; Paz-
Filho et al., 2008), including morphometric analyses suggesting that leptin replacement in
this unique patient population increases grey matter volumes in the right hippocampal
formation (London et al., 2011). Taken together, these studies suggest that elevated plasma
leptin levels may protect structural and functional measures of neuroplasticity from the
deleterious consequences of aging. It is tempting to speculate that the elevated plasma leptin
levels in these patients are indicative of increased hippocampal leptin activity, which
provides neuroprotection. Conversely, individuals with reductions in plasma leptin levels or
those individuals that exhibit hippocampal leptin resistance would not benefit from the
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neuroprotective activities of leptin and would thereby be more vulnerable to develop MCI
and AD. Clarification of these issues would support the concept that enhancement of CNS
leptin activity may represent a novel therapeutic option for the treatment of age-related
disorders (Harvey, 2010).

4. The orexins/hypocretins: neuromodulatory peptides at the interface of
energy balance and cognition

4.1. Discovery

In 1998, two independent research teams reported the discovery of a population of
neuropeptide-producing cells whose distribution was limited to the lateral hypothalamus, the
perifornical area and contiguous dorsomedial hypothalamus. De Lecea et al. termed these
peptides hypocretins (specifically, hypocretin 1 and hypocretin 2) due to their restricted
hypothalamic expression and their homology to the incretin family of gut hormone proteins
(de Lecea et al., 1998). Meanwhile, Sakurai and colleagues termed these peptides orexin A
(OxA) and orexin B (OxB), after the Greek word for appetite (orex/s), because they were
distributed most densely in the classical ‘feeding center’ of the lateral hypothalamus and
initial experiments supported a pro-feeding effect of orexin A upon intracerebroventricular
administration (Sakurai et al., 1998). Two G protein-coupled receptors have been described
for the hypocretins/orexins (hereafter referred to as orexins for simplicity). The orexin 1
receptor (Ox1R) binds OxA with 10 to 100-fold greater affinity relative to OxB whereas the
orexin 2 receptor (Ox2R) binds OxA and OxB with roughly equal affinity (Smart and
Jerman, 2002; Ammoun et al., 2003; Scammell and Winrow, 2011).

4.2. Distribution of cell bodies and projections

In rodents and primates, orexins are uniquely localized in a posterior hypothalamic region
that includes the lateral hypothalamus, perifornical area and dorsomedial hypothalamus.
Despite their restricted localization pattern and fairly limited number, however, orexin
neurons give rise to a diffuse pattern of projections within and beyond the diencephalon.
Ascending fibers, for example, provide orexin innervation of the cerebral cortex (most
prominently, the prefrontal cortex), as well as subcortical limbic structures important for
learning, memory, motivation and emotion such as the nucleus accumbens, amygdala, basal
forebrain and hippocampus (Peyron et al., 1998). Among thalamic targets, the
paraventricular nucleus of the thalamus receives a particularly dense orexin innervation
(Kirouac et al., 2005). Descending projections innervate numerous brainstem areas and all
levels of the spinal cord (van den Pol, 1999). Of particular interest, orexins provide
substantial innervation to nuclei that are the source of diffuse neuromodulatory transmitters,
including dopamine neurons of the ventral tegmental area, norepinephrine neurons of the
locus coeruleus and cholinergic neurons of the basal forebrain (Fadel and Deutch, 2002;
Baldo et al., 2003; Fadel et al., 2005; Espana et al., 2005). Collectively, this pattern of
connectivity mediates orexin influences over a wide range of cognitive, behavioral,
autonomic and visceral functions, consistent with their description as “physiological
integrators” (de Lecea et al., 2002).

Abundant evidence indicates that the orexin neurons are not functionally homogeneous, but
differ along a medial-lateral gradient, with medially-located neurons preferentially involved
in arousal and stress and the more lateral bank mediating effects on reward-based behaviors,
including drug-seeking and feeding (Harris and Aston-Jones, 2006). Functional descriptions
of orexin neurons must also take into account that virtually all orexin cells colocalize
dynorphin (Chou et al., 2001) and at least some are also glutamatergic (Rosin et al., 2003;
Torrealba et al., 2003; Henny et al., 2010).
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4.3. Orexins and energy balance

The conditions under which the orexin system promotes food intake are not always
straightforward, but the data supporting a pro-feeding role for these peptides remains
compelling. Expression of preproorexin and orexin receptors is increased during periods of
food restriction (Cai et al., 1999; Lu et al., 2000; Karteris et al., 2005).
Intracerebroventricular or intra-hypothalamic administration of orexin increases food intake
in rats (Dube et al., 1999; Haynes et al., 1999; Sweet et al., 1999; Baird et al., 2009) and
systemic administration of the Ox1R antagonist SB-334867 attenuates food intake (Haynes
et al., 2000; Rodgers et al., 2002).

Like other cellular components of hypothalamic feeding circuitry, orexin neurons respond to
several peripherally-derived cues whose fluctuations are indicative of metabolic status.
Consistent with a pro-feeding role for orexin peptides these neurons are inhibited by leptin,
with original reports suggesting a direct effect mediated by leptin receptors expressed on
orexin cells (Hakansson et al., 1999; Yamanaka et al., 2003). However, current evidence
suggests that leptin inhibition of orexin neurons is mediated transynaptically, as leptin
activates a population of LepRb-positive, neurotensin-colocalizing GABAergic LH neurons
that give rise to local collaterals to inhibit orexin neurons (Louis et al., 2010; Leinninger et
al., 2011). Conversely, orexin neurons are activated by the gut-derived hormone ghrelin and
are required for the effects of this hormone on certain reward-related aspects of feeding
(Yamanaka et al., 2003; Perello et al., 2010). Perhaps the clearest response of orexin neurons
to a more rapidly-fluctuating indicator of energy balance is the activation of these neurons
by hypoglycemia and their striking inhibition by elevated—but physiologically-relevant—
levels of glucose via activation of tandem-pore potassium channels expressed directly on
orexin cells (Moriguchi et al., 1999; Cai et al., 2001; Burdakov et al., 2005; Burdakov et al.,
2006). Ethologically, enhanced arousal is necessary during periods of low energy balance in
order to promote cognitive and behavioral aspects of food-seeking. Orexin neurons comprise
an ideal neural system to integrate these divergent phenomena due to their place at the
functional intersection of reward, feeding, stress and arousal. Interestingly, orexins, while
serving a “pro-feeding” role, also appear to activate behavioral and metabolic pathways that
enhance caloric expenditure, thus maintaining energy balance. For example, orexin is
required for brown adipose activation (Sellayah et al., 2011; Tupone et al., 2011) and food-
anticipatory behavioral activation (Mieda et al., 2004). These mechanisms may underlie the
apparently paradoxical association between decreased food intake in orexin knockout mice
and the obese phenotype of these same animals (Hara et al., 2001; Fujiki et al., 2006).
Similarly, human narcolepsy patients (a “natural” human model of orexin deficiency) have
higher rates of obesity (Lammers et al., 1996; Nishino et al., 2001).

4.4. Narcolepsy and sleep

Pathological correlates of orexin (dys)function are clearly seen in the case of the sleep
disorder, narcolepsy. Orexins are deficient (if not completely absent) in most cases of human
narcolepsy (Siegel, 1999; Nishino et al., 2000; Thannickal et al., 2000). The narcoleptic
phenotype of orexin knockout mice (Chemelli et al., 1999) and the finding of a loss-of-
function mutation in Ox2R in a autosomal recessive form of canine narcolepsy (Lin et al.,
1999; Reilly, 1999) provide compelling convergent evidence from animal models that
orexin deficiency underlies most cases of narcolepsy. Orexin knockout mice also exhibit
feeding-induced cataplexy, a sudden loss of muscle tone triggered by strong emotions that is
frequently seen in both canine and human forms of narcolepsy (Clark et al., 2009).

4.5. Orexins in cognition and neuroplasticity

Hypothalamic neuropeptides have traditionally been viewed in terms of homeostatic
functions mediated largely by modulation of neuroendocrine and autonomic circuitry.
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However, homeostatic functions such as feeding include cognitive components
(interoceptive awareness of hunger or energy balance status; remembering where to obtain
food; attention to food-related cues or threats in the environment; etc.). Thus, it is not
surprising that many of these peptide systems, including the orexins, have extensive
projections to brain areas important for cognition and motivated behavior. One such area is
the hippocampal formation, which receives a moderate orexin innervation and expresses
both Ox1R and Ox2R. Orexins increase the release of acetylcholine (ACh) in the
hippocampus (Stanley and Fadel, 2012). Orexin facilitation of synaptic plasticity has been
clearly demonstrated in brain regions associated with drugs of abuse (Borgland et al., 2006).
However, orexins also enhance electrophysiological correlates of hippocampal synaptic
plasticity (Selbach et al., 2004; Selbach et al., 2010). Indeed, direct administration of OxA
into the dentate gyrus enhances long-term potentiation in an Ox1R-dependent manner
(Wayner et al., 2004). Conversely, orexin antagonists impair behavioral measures of
hippocampal-dependent learning and memory (Akbari et al., 2006; Akbari et al., 2008).
Orexin neurons also give rise to a rather dense projection to the medial prefrontal cortex
where, in rodents, they activate thalamocortical projections in a manner that corresponds
with attentional function and cognitive arousal (Lambe et al., 2005; Huang et al., 2006).
Orexins increase release of ACh in the prefrontal cortex (Fadel et al., 2005; Frederick-Duus
et al., 2007), and performance in a cholinergic-dependent attentional task is impaired by
systemic or basal forebrain administration of an Ox1R antagonist (Boschen et al., 2009). In
non-human primates, both systemic and intranasal delivery of OxA ameliorates the negative
effects of sleep deprivation on cognitive performance (Deadwyler et al., 2007). Finally,
human narcolepsy patients, who presumably lack orexin neurons, show attentional deficits
even during period of normal wakefulness (Rieger et al., 2003). Collectively, these
observations clearly demonstrate a role for the orexins in cognitive function. Specifically,
under conditions in which the orexin system is normally activated, such as enhanced arousal
or low energy balance, these peptides are likely to contribute to attention, learning and
memory processes in a manner that integrates homeostasis and cognition.

and aging

Convergent studies from the human and animal literature demonstrate that the orexin system
is negatively impacted in aging. Aged rodents have substantially fewer orexin neurons than
their young counterparts (Sawai et al., 2010; Kessler et al., 2011). While melanin
concentrating hormone neurons (which are similarly distributed and also play a role in
feeding behavior) show some degree of reduction in aged animals, the extent is milder and
there is no global age-related neuronal loss in the lateral hypothalamus (Kessler et al., 2011),
suggesting that orexin neurons are preferentially, if not exclusively, susceptible to age-
related neurodegeneration. Age-related decreases in preproorexinand Ox2R gene expression
as well as diminished orexin regulation of feeding and neurotransmitter release have also
been reported (Terao et al., 2002; Porkka-Heiskanen et al., 2004; Kotz et al., 2005; Stanley
et al., 2011). Aged rats have reduced orexin innervation of medial septal GABAergic
neurons (Stanley et al., 2011), a functionally-significant finding given that orexin receptor-
expressing medial septal neurons mediate hippocampal theta generation (Gerashchenko et
al., 2001). Collectively, these data suggest that not only is the orexin system impacted by
aging and peripheral metabolic dysfunction, but orexin-based therapies may have
therapeutic efficacy in treating both the central, cognitive manifestations and some of the
peripheral correlates of these disorders.

In humans, post-mortem studies have also documented decreases in orexin neurons in some
age-related neurodegenerative disorders such as Parkinson’s disease (Thannickal et al.,
2007; Fronczek et al., 2008). Perhaps most relevant to age-related cognitive impairment, a
recent study documented a significant (~40%) loss of orexin neurons, relative to age-

Ageing Res Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fadel et al.

Page 13

matched controls, in post-mortem brains from AD patients (Fronczek et al., 2012). Because
there was not a young control group included in the Alzheimer’s study, it is possible that the
disease-specific impact is layered onto an already age-compromised orexin system. When
viewed in light of the animal data, the clinical findings support the view that the orexin
system is impaired with age and in age-related neurocognitive disorders.

How might the impact of age-related impairments in orexin function be manifest in
cognition and homeostasis? Clearly, given the role of orexins in arousal and sleep-wake
cycles, loss of these peptides or their receptors could mediate age-related impairments in
sleep architecture. However, while overweight during middle age is associated with
increased risk for AD, recent clinical data suggest that changes in homeostasis and energy
balance in the elderly, including unexplained weight loss, precede and predict the
subsequent development of AD (Knittweis, 1998; Johnson et al., 2006). An intriguing
possibility is that orexin deficiency late in life mediates changes in sleep and feeding
patterns that portend subsequent cognitive decline. Via interactions with neurotransmitters
and brain regions classically implicated in senescent dementia, orexin deficiency may also
form a mechanistic link between homeostatic dysfunction and cognitive impairment.
Because homeostatic alterations in the elderly generally precede the manifestation of frank
dementia by a period of months to several years, orexin-based therapies may also represent a
novel target for arresting or slowing this progression.

5. Conclusions and future perspectives

As highlighted throughout this review, the clinical and pre-clinical literature clearly
indicates that multifactorial mechanisms contribute to age-related deficits in hippocampal
plasticity. Disentangling the causative factors responsible for cognitive decline in dementia
and AD, as well as determination of the relative contribution of these various causative
factors, represents a major obstacle in the development of effective treatment strategies in
these patient populations. The presence of co-morbid conditions in patients with AD and
dementia, such as obesity and type 2 diabetes, further complicates the identification of the
causative factors involved (Wrighten et al., 2008). However, an optimistic viewpoint would
contend that these co-morbidities aid in the assessment and identification of potential
causative factors in age-related cognitive decline and implicate appetitive peptides like
orexin, insulin and leptin in the pathogenesis of age-related deficits in neuroplasticity. An
opposing viewpoint would note that while elevated plasma leptin levels provide
neuroprotection from MCI and AD, elevated plasma leptin levels are associated with
cognitive decline in obesity and type 2 diabetes (Labad et al., 2012). The key distinction in
these studies is that plasma measures do not provide insight into the activity of appetitive
peptides like leptin and insulin in the CNS. Indeed, it is difficult to predict whether plasma
measures of these peripherally-derived peptide hormones effectively assess hippocampal
insulin and leptin activity. As described above, the mechanistic basis for leptin and insulin
resistance includes decreases in BBB transport, as well as decreases in receptor signaling
(Levin et al., 2004). One way to circumvent the deficits in associated with leptin and insulin
resistance would be through intranasal administration. The exciting studies related to the
therapeutic potential of intranasal insulin in the treatment of AD have been described above.
Additionally, studies demonstrating the metabolic effects of intranasal leptin administration
may also have therapeutic potential in the treatment cognitive decline observed in obesity,
type 2 diabetes and AD (Schulz et al., 2004; Waldrop et al., 2010).

As described above, orexin neurons regulate arousal and cognitive function according to
energy balance (Yamanaka et al., 2003)—a phenomenon mediated to a significant extent via
modulation of orexin activity by circulating factors such as glucose and leptin. Thus, the
impact of leptin resistance on behavioral and cognitive correlates of orexin activity is
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important to our understanding of the relationship between age-related metabolic alterations
and cognitive decline. Another question, of particular relevance to the association between
type 2 diabetes and AD, is ‘what is the impact of years of hyperglycemia or phasically
dysregulated glycemic control on a neuronal population that is inhibited by elevated glucose
concentrations?’ In addition, orexin knockout mice develop insulin resistance in an age-
dependent manner (Tsuneki et al., 2008), indicating that central disruptions in orexin
function can have peripheral metabolic consequences. Collectively, the role of orexins in
regulating feeding, arousal and cognition, and the association between aging and orexin
hypofunction suggests that this neuropeptide system serves a key integrative function at the
interface between age-related declines in cognitive and homeostatic functions. Orexin
dysfunction is likely to contribute to age-related cognitive complications of metabolic
disorders such as diabetes and leptin resistance, and direct modulation of the orexin system
(e.g. by orexin agonists) may have therapeutic efficacy in ameliorating or reversing age-
related cognitive decline in these disorders.
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Figure 1.

The peptides insulin, leptin and orexin work in an integrative fashion to facilitate
hippocampal synaptic plasticity. Insulin released from pancreatic  cells and leptin released
from adipocytes have well defined metabolic activities in the hypothalamus that include
regulation of orexin neuronal populations in the lateral hypothalamus, perifornical area and
dorsomedial hypothalamus (blue arrows). Projection sites of these orexin populations
include the basal forebrain, where orexin modulates cholinergic, GABAergic and
glutamatergic components of septohippocampal neurotransmission (blue arrows). As such,
these orexin-driven basal forebrain projections have a significant impact on hippocampal
neurochemistry. Beyond these indirect effects, insulin and leptin can directly modulate
hippocampal synaptic plasticity (red arrows), including facilitation of synaptic transmission
(i.e. LTP), increases in neurogenesis and cell proliferation and promotion of synaptogenesis
and dendritic remodeling (morphology). This facilitation of hippocampal synaptic plasticity
ultimately leads to the enhancement of cognitive/behavioral function. See text for details.
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Figure2.

Effect of Exendin-4 (EX4) on memory retention in the Barnes maze for STZ-diabetic mice.
Mice were trained to learn the location of the box for 5 consecutive days in the Barnes maze,
left untested for 3 day and then placed back on the Barnes maze where the box was removed
but the cue was present. Panel A: Data represent the time to find the hole where the box was
originally. Panel B: Percent of errors spent in the quadrant where the box was originally
located. Data from control mice in white bars, Ex-4-treated control mice in grey bars, from
untreated diabetic mice in black bars and from Ex-4-treated diabetic mice in hatched bars
are mean+SEM, n=5-6/group. *p<0.05 vs diabetic+Ex-4 by one-way ANOVA followed by
Bonferroni’s post-hoc test.
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