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The endocrine hormone leptin plays a key role in regulating food intake and
body weight via its actions in the hypothalamus. However, leptin receptors
are highly expressed in many extra-hypothalamic brain regions and evidence
is growing that leptin influences many central processes including cognition.
Indeed, recent studies indicate that leptin is a potential cognitive enhancer
as it markedly facilitates the cellular events underlying hippocampal-dependent
learning and memory, including effects on glutamate receptor trafficking,
neuronal morphology and activity-dependent synaptic plasticity. However,
the ability of leptin to regulate hippocampal synaptic function markedly
declines with age and aberrant leptin function has been linked to neuro-
degenerative disorders such as Alzheimer’s disease (AD). Here, we review the
evidence supporting a cognitive enhancing role for the hormone leptin and
discuss the therapeutic potential of using leptin-based agents to treat AD.

1. Introduction

Leptin is a peptide hormone that is principally made and secreted by white adipose
tissue and circulates in the plasma at levels closely correlated with body fat [1].
Leptin readily enters the brain via regulated and saturable transport across the
blood-brain barrier [2]. It is well established that the ability of leptin to regulate
specific hypothalamic neurons is pivotal for controlling feeding behaviour and
body weight. In a fed state, leptin serves as a potent signal for satiety; however, with-
drawal of the leptin signal occurs very rapidly following food restriction or fasting
[3]. The central actions of leptin are not restricted to the neural control of feeding
behaviour, as leptin can also influence various developmental processes in the
immature brain. Indeed, in support of extra-hypothalamic targets, leptin receptors
are widely distributed throughout the central nervous system (CNS), with high
levels of expression detected in the hippocampus and cerebellum in particular
[4-6]. Leptin receptor expression in the hypothalamus is altered by changes in the
circulating levels of leptin [7]. In hippocampal neurons, the expression of leptin
receptors is also reportedly influenced by fasting [8]. Several studies have also
demonstrated expression of leptin mRNA and protein throughout the CNS,
suggesting that leptin may be released locally from specific neuronal populations [9].

The diabetes (db) gene encodes the leptin receptor (ObR; [10]), a class I cytokine
receptor, that signals by associating with and activating Janus tyrosine kinases
(JAKs). The main pathways activated downstream of JAKs in neurons are PI 3-
kinase (phosphoinositide 3-kinase), ERK MAPK (mitogen-activated protein
kinase) and STAT?3 (signal transducer and activator of transcription). Six splice vari-
ants of ObR (a—f) have been identified, with the long form, ObRb, being the main
signalling competent isoform. The short isoforms (ObRa,c,d,f) are thought to con-
trol the internalization and degradation of leptin, whereas ObRe that lacks a
trans-membrane region buffers the plasma levels of leptin.

In accordance with the high levels of leptin receptor expression detected at
hippocampal synapses [6], evidence is growing that leptin is a potent modulator
of hippocampal excitatory synaptic function [11-15]. Indeed, studies in obese
leptin-insensitive rodents (Zucker fa/fa rats; db/db mice) have identified deficits
in hippocampal long-term potentiation (LTP) and long-term depression (LTD)
as well as spatial memory [16,17]. Furthermore, direct administration of leptin
into rodent hippocampus results in enhanced performance in various memory
tasks [18]. In cellular studies performed in juvenile hippocampal slices (P14-21),

© 2013 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2013.0155&domain=pdf&date_stamp=2013-12-02
mailto:j.z.harvey@dundee.ac.uk

exposure to leptin facilitates the induction of hippocampal LTP
[14,16]. Leptin also reverses LTP (depotentiation) evoked at CA1
synapses when applied within a specific time window after LTP
induction [13]. Furthermore, under conditions of enhanced
excitability leptin induces a novel form of NMDA receptor-
dependent LTD in juvenile hippocampeal slices [11]. Thus, it is
clear that the hormone leptin has the capacity to potently
modify excitatory synaptic transmission and synaptic plasticity
at early stages of postnatal development. However, there is lim-
ited knowledge of how leptin’s ability to modulate various CNS
functions is altered with age or indeed if the leptin system is
altered in age-related CNS-driven disease.

Evidence is growing that metabolic systems functionally
decline with age, and impairments in energy metabolism are
correlated with faster rates of ageing and a greater risk of devel-
oping neurodegenerative disease. However, our understanding
of how leptin influences hippocampal synaptic function during
the ageing process is limited. Recent evidence indicates that
age-related changes in leptin receptor-dependent signalling
cascades occur. Thus, in aged rats a decline in STAT3 activation
is observed that is linked to a decrease in leptin responsiveness
[19]. Conversely, elevations in SOCS-3 and PTP1B (protein
tyrosine phosphatase 1B) levels, which limit leptin receptor
signal transduction, are evident in aged animals [20,21].
Recent studies have identified links between age-related altera-
tions in leptin levels and cognitive performance [22]; however,
the cellular basis for the age-dependent alterations in the
cognitive enhancing effects of leptin are unclear.

Here, we summarize recent studies showing that neuronal
sensitivity to leptin declines with age and in turn how this
impacts on the efficacy of hippocampal excitatory synaptic
transmission. We also discuss recent evidence that not only
implicates dysfunctions in the leptin system in age-related dis-
orders such as Alzheimer’s disease (AD), but also the potential
benefits of using leptin-based therapies to treat AD.

2. Leptin-induced long-term potentiation at
adult hippocampal (A1 synapses

Most central synapses that exhibit synaptic plasticity
are glutamatergic in nature. Four main types of glutamate
receptors exist (a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid (AMPA) receptors, kainate receptors, N-methyl-p-
aspartate (NMDA) receptors and metabotropic glutamate
receptors (mGluRs), and these play key roles in various aspects
of synaptic plasticity. NMDA receptors contribute little
to excitatory synaptic transmission under basal conditions
[23,24]. However, it is well documented that the synaptic acti-
vation of NMDA receptors is pivotal for activity-dependent
LTP and LTD at hippocampal CA1 synapses [25-27].

Several lines of evidence indicate that leptin is a potent reg-
ulator of excitatory synaptic transmission at hippocampal CA1
synapses. Indeed, our laboratory was the first to report that
application of leptin to juvenile hippocampal slices (P11-18)
induces a rapid depression of excitatory synaptic transmission
that readily reverses on leptin washout [14]. In accordance
with this, transient synaptic depressions have been reported in
response to leptin in both mouse and rat hippocampus at similar
stages of postnatal development [28,29]. However, the leptin-
driven synaptic depression observed during early postnatal
development is in marked contrast to the effects of this hormone
in adult tissue. Thus, leptin results in a persistent increase in

excitatory synaptic transmission (leptin-induced LTP) in adult [ 2 |

(12-16 week old) hippocampeal slices [12,29], an effect requiring
leptin receptor activation as robust leptin-induced LTP was
observed in Zucker lean, but not leptin-insensitive, Zucker
fa/fa, rats [12]. In hippocampal neurons, leptin receptors are
expressed at both presynaptic and postsynaptic sites [6], and
consequently leptin-induced LTP could potentially be expres-
sed at either locus. However, no significant changes in paired
pulse facilitation ratio (PPR) and coefficient of variation (CV)
accompany the leptin-driven increase in synaptic efficacy indi-
cating a postsynaptic expression mechanism. Leptin had no
effect on excitatory synaptic transmission in slices treated with
the competitive NMDA receptor antagonist D-AP5, indicat-
ing involvement of an NMDA receptor-dependent process.
Synaptic activation of NMDA receptors was also pivotal for
leptin-induced LTP as leptin had no effect when synaptic
stimulation was stopped in two-input experiments [12].

It is well documented that NMDA receptor activation
promotes AMPA receptor trafficking to synapses during hippo-
campal LTP [30]. Recent evidence indicates that the molecular
composition of synaptic AMPA receptors is altered following
activity-dependent changes in synaptic strength ([31-33]; but
also note [34,35]). Similarly, alterations in AMPA receptor traf-
ficking are implicated in leptin-induced LTP as an increase in
AMPA receptor rectification accompanied the leptin-driven
increase in synaptic efficacy. Application of philanthotoxin, a
selective inhibitor of GluA2-lacking AMPA receptors, also
resulted in reversal of leptin-induced LTP [12], consistent with
an increase in the synaptic density of GluA2-lacking AMPA
receptors underlying this effect of leptin.

In accordance with electrophysiological studies, leptin
increased the surface expression of GluA1, but not GluA2, in bio-
tinylation assays performed in adult hippocampeal slices [12]. In
immunocytochemical studies, leptin readily increased GluAl
surface expression in cultured hippocampal neurons. The sur-
face expression of GluA2 is also enhanced by leptin, but much
higher concentrations of leptin are required for this effect [12].
Temporal differences also exist in the regulation of GluAl
versus GluA2 subunits by leptin. Thus, in dual immunolabelling
studies, exposure to leptin (50 nM) for 30 or 60 min resulted in
comparable increases in the surface expression of both GluAl
and GluA2 (figure 1; data is available on Dryad; http://dx.doi.
org/10.5061/dryad.jjl7h Data files: Fig. 1 data). However,
exposure of hippocampal neurons to leptin for longer periods
of time (up to 180 min) caused significant reductions in GluA2
surface expression (86 + 0.05% of control at 180 min; n = 27;
p < 0.05; statistical analyses were performed using ANOVA
(analysis of variance). In contrast, a sustained increase in
GluAl surface expression was observed after longer duration
exposure to leptin (90-180 min) such that GluAl surface
expression was increased to 156 + 0.08% of control (n = 27;
p < 0.01; after 180 min leptin treatment; figure 1). Thus, there
are clear temporal and potency differences in the regulation of
different AMPA receptor subunits by the hormone leptin.

3. A key role for phosphatase and tensin
homologue in the requlation of GIUAT
trafficking by leptin

Under physiological conditions, the circulating leptin levels lie
within the low nanomolar range [36]. Consequently, the
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Figure 1. Differential regulation of GIuAT and GluA2 surface expression by
leptin. Histogram of pooled data illustrating the effects of leptin on the sur-
face expression of GIuAT (open bars) and GluA2 (filled bars) on hippocampal
neurons (7—11 DIC). Leptin (50 nM) evoked a significant increase in GluA1
surface immunostaining after all exposure times (30— 180 min). By contrast,
exposure to leptin for up to 60 min increased GluA2 surface staining, whereas
a significant reduction in GluA2 surface staining was observed after treatment
with leptin for between 90 and 180 min.

GluAl subunit is likely to be the predominant target for leptin.
Recent studies have probed the cellular mechanisms underlying
leptin regulation of GluA1 trafficking to hippocampal synapses
[12]. The density of surface receptors is tightly regulated by both
exocytotic and endocytotic mechanisms. However, the increase
in GluAl surface expression induced by leptin involves
increased delivery of GluAl to synapses, as specific inhibitors
of exocytosis, but not endocytosis, prevented the effects of
leptin. Whole cell dialysis with inhibitors of exocytosis also
blocked leptin-induced LTP in adult hippocampal slices, thereby
supporting a role for increased delivery of AMPA receptors to
synapses in this process.

Previous studies indicate that PI 3-kinase, which converts
PtdIns(4,5)P, into PtdIns(3,4,5,)Ps, is pivotal for NMDA
receptor-driven trafficking of AMPA receptors to hippocam-
pal synapses during LTP [30]. PI 3-kinase is also implicated
in the leptin-dependent increase in GluA1 surface expression
in hippocampal neurons, as elevations in PtdIns(3,4,5,)P;
staining accompany this process [12]. Furthermore, the effects
of leptin on excitatory synaptic strength and GluAl surface
expression were blocked by PI 3-kinase inhibitors. A recent
report also supports a role for PI 3-kinase in trafficking
AMPA receptors to synapses, as increased synthesis of
PtdIns(3,4,5,)P; results in enhanced AMPA-mediated synap-
tic transmission [37]. However, in addition to PI 3-kinase,
the cellular levels of PtdIns(3,4,5,)P; are also tightly con-
trolled by phosphatase and tensin homologue (PTEN), the
phosphatase that antagonises PI 3-kinase activity by depho-
sphorylating PtdIns(3,4,5,)P5 to PtdIns(4,5)P,. Consequently,
leptin-driven inhibition of PTEN would also result in elev-
ated PtdIns(3,4,5,)P5 levels. In support of a possible role for
PTEN, leptin activation of hypothalamic Kap channels
reportedly involves inhibition of PTEN [38]. Similarly in
hippocampal neurons, expression of dominant-negative PTEN
mutants (C124S or G129E) not only mirrored but also occluded
the leptin-driven increase in GluAl surface expression,
suggesting involvement of PTEN inhibition in this process.

The ability of leptin to insert GluA2-lacking AMPA receptors [ 3 |

into synapses and increase miniature excitatory postsynaptic
current (mEPSC) amplitude was also absent in neurons transfec-
ted with the PTEN mutants [12]. Moreover, pharmacological
inhibition of PTEN with bisperoxovanadium (bpV) evoked a
persistent increase in excitatory synaptic strength and it blocked
the effects of leptin on synaptic efficacy in adult hippocampal
slices. Thus, these findings are consistent with inhibition of
PTEN and subsequent PtdIns(3,4,5,)Ps-dependent delivery
of AMPA receptors to synapses underlying the leptin-induced
increase in synaptic efficacy in adult hippocampus.

4. Age-dependent modulation of hippocampal
excitatory synaptic transmission by leptin

Several studies indicate that leptin transiently depresses
excitatory synaptic transmission in juvenile hippocampus
[14,28,29]. By contrast, application of leptin to hippocampal
slices from younger animals (P5-8) results in a persistent
synaptic depression (leptin-induced LTD) that is sustained fol-
lowing leptin washout [29]. Conversely, in adult (12-16 week
old) hippocampal slices leptin induces a long-lasting enhance-
ment of excitatory synaptic transmission (leptin-induced LTP;
[12,29]). Leptin also readily induces LTP at hippocampal
CALl synapses in slices from older (12-14 month) animals,
but the magnitude of leptin-induced LTP is markedly less at
this age [29]. Thus, there are clear age-dependent differences
in the direction and magnitude of synaptic modulation by
leptin in the hippocampal CA1 region.

The cellular mechanisms underlying the divergent age-
dependent effects of leptin on hippocampal synaptic function
have been examined. In particular, the locus of leptin’s effects
was verified by analysis of two parameters linked to presyn-
aptic release probability: PPR and CV [12,29]. Both the
transient and persistent synaptic depressions induced by
leptin were not associated with alterations in PPR or CV, indicat-
ing the involvement of a postsynaptic expression mechanism.
Similarly, and in accordance with earlier studies [12], no signifi-
cant changes in PPR and CV accompanied leptin-induced LTP
in adult and aged hippocampus, thereby also indicating
involvement of a postsynaptically expressed process.

5. The age-dependent effects of leptin involve
distinct NMDA receptor subunits

It is well established that NMDA receptor activation is pivotal
for various forms of activity-dependent synaptic plasticity in
the mammalian CNS. NMDA receptor activation is also
necessary for leptin modulation of hippocampal excitatory
synaptic plasticity, including its ability to facilitate LTP [14],
induce a novel form of LTD [11] and reverse established LTP
(depotentiation; [13]). Similarly, leptin-driven regulation of
excitatory synaptic transmission in the developing and adult
hippocampus is NMDA receptor-dependent, as exposure of
hippocampal slices to the competitive NMDA receptor antag-
onist D-AP5 blocked the effects of leptin at all ages [29]. It is
known that the subunit composition and synaptic localization
of NMDA receptors varies during development [39] and there
is functional diversity in the roles played by different NMDA
receptor subunits. Indeed, molecularly distinct NMDA recep-
tors are implicated in hippocampal and cortical synaptic
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Figure 2. Schematic of common signalling pathways underlying activity-dependent and leptin-dependent synaptic plasticity. During LTP, activation of NMDA recep-
tors stimulates Pl 3-kinase and subsequent inhibition of GSK3{3 at hippocampal CA1 synapses. Activation of this pathway promotes delivery of AMPA receptors to
synapses which in turn results in a persistent increase in the efficacy of excitatory synaptic transmission (LTP). In a similar manner, following leptin binding to leptin
receptors, the activity of Pl 3-kinase is increased resulting in AMPA receptor exocytosis and a sustained increased in synaptic efficacy (leptin-induced LTP). Although
neuronal leptin receptors are capable of inhibiting GSK3[3, via PI 3-kinase, it is unclear if GSK3[3 plays a role in leptin-induced LTP. During LTD, stimulation of NMDA
receptors activates PP1 leading to increased GSK33 activity and subsequent AMPA receptor endocytosis and LTD. Activation of the JAK2-STAT3 pathway has also
recently been implicated in NMDA receptor-dependent LTD. Although the JAK2-STAT3 pathway is a key downstream target of neuronal leptin receptors, it is not
known if this pathway plays a role in leptin-dependent synaptic plasticity. (Online version in colour.)

plasticity at different developmental stages [40—42]. In a simi-
lar manner, distinct NMDA receptor subunits are required
for the bi-directional effects of leptin on hippocampal synaptic
function. Thus, the synaptic depressions evoked by leptin at
P5-8 and P11-18 involve GluN2B-containing NMDA recep-
tors, whereas GluN2A subunits are pivotal for leptin-induced
LTP in the adult and ageing hippocampus [29].

The role of different NMDA receptor subunits at different
ages correlates well with the reported contribution of GluN2
subunits to synaptic NMDA receptors as the density of
synaptic GIuN2B subunits is significantly higher early in post-
natal development, whereas expression of GluN2A subunits
increases with age. In hippocampal neurons, PI 3-kinase and
mitogen-activated protein kinase (MAPK) (extracellular
signal-regulated protein kinase; ERK) are the main signalling
cascades activated downstream of leptin receptors [43], and
activation of both signalling pathways mediates facilitation
of hippocampal NMDA responses by leptin [14]. However,
divergent leptin-driven signalling pathways underlie the age-
dependent effects of leptin on synaptic transmission. Thus,
ERK activation is crucial for the synaptic depressions induced
by leptin at early postnatal stages, whereas PI 3-kinase is
implicated in leptin-induced hippocampal LTP in adult [29].
Our previous studies indicate that in cerebellar granule cells,
leptin selectively enhances GluN2B responses via the ERK
pathway [44]. Thus, it is possible that divergent signalling cas-
cades couple leptin receptors to molecularly distinct NMDA
receptors, thereby resulting in the opposing age-dependent
effects of leptin on excitatory synaptic transmission.

6. Leptin-driven changes in synaptic efficacy
display parallels to activity-dependent
synaptic plasticity

Several studies have demonstrated that the magnitude of

NMDA receptor-dependent LTP at hippocampal CA1 synapses

attenuates with age [45-47]. The ability of leptin to induce

LTP in adult hippocampus is also markedly reduced in aged

animals [29]. Similarities also exist in the role that different

NMDA receptor subunits play in HFS-induced LTP and

leptin-induced LTP, suggesting that the two processes use

similar expression mechanisms (figure 2). Indeed, in two-
input occlusion experiments, leptin-induced LTP occluded the
ability of high-frequency stimulation (HFS) to induce LTP and
vice versa [29]. In addition, increased trafficking of GluA2-lack-
ing AMPA receptors to hippocampal CA1 synapses is reported
to underlie LTP induced by both HFS and leptin [12,32]. Analo-
gous signalling pathways are also implicated in both forms of

LTP as PI 3-kinase inhibitors block delivery of AMPA receptor

to synapses during leptin-induced LTP and activity-dependent

LTP ([12,29,30]; figure 2).

There are also parallels in the cellular mechanisms under-
lying leptin-induced LTD and NMDA receptor-dependent
LTD. Thus, GluN2B subunits are implicated in low-frequency
stimulation (LFS)-induced LTD [40,48] and the LTD induced
by leptin at P5-8 [29]. The involvement of similar expression
mechanisms is supported by findings from two input experi-
ments as leptin-induced LTD occludes LFS-induced LTD and
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vice versa [29]. It is well documented that removal of AMPA
receptors from synapses is crucial for NMDA receptor-
dependent LTD [49]. Thus, as leptin-induced LTD involves a
postsynaptic expression mechanism, it is feasible that LTD
induced by leptin at P5-8 also involves internalization
of AMPA receptors. It is also known that AMPA receptor endo-
cytosis during NMDA receptor-dependent LTD is triggered by
activation of protein phosphatases [50]. By contrast, however,
an ERK-dependent cascade is implicated in leptin-induced
LTD, as selective inhibitors of ERK activation block leptin
action at P5-8 [29]. The role of ERK in leptin-induced LTD dis-
plays similarities to mGluR-dependent LTD, as activation of
ERK is necessary for endocytosis of AMPA receptors and LTD
[51]. Thus, although AMPA receptor internalization may be
common to both leptin-induced LTD at P5-8 and LFS-induced
LTD, it is likely that divergent signalling pathways promote
AMPA receptor removal from synapses.

The ability of leptin to induce LTD under conditions of
enhanced excitability (at P14-18) also displays parallels to
NMDA receptor-dependent LTD [11]. Indeed, recent studies
indicate that the serine/threonine kinase, GSK3B plays a
pivotal role in NMDA receptor-dependent LTD, as activation
of PP1 is reported to dephosphorylate and activate GSK3p,
which in turn promotes AMPA receptor endocytosis and
LTD [52]. In accordance with this, the magnitude of leptin-
induced LTD (at P14-18) is significantly enhanced following
inhibition of PI 3-kinase, suggesting that leptin-induced LTD
is negatively regulated by PI 3-kinase. As inhibition of PI 3-
kinase would relieve Akt-driven inhibition of GSK3p, the
possibility that stimulation of GSK3B plays a role in leptin-
induced LTD at P14-18 cannot be excluded. Moreover, the
JAK2/STAT3 pathway, a key component of neuronal leptin
receptor signal transduction, has also been implicated in
NMDA receptor-dependent LTD [53]. Thus, it is feasible
that leptin-dependent JAK2/STAT3 signalling also contrib-
utes to persistent reduction in synaptic efficacy induced by
leptin, although this remains to be established.

7. Parallels between leptin and insulin action in
requlating hippocampal synaptic function

It is well known that the hormone insulin is secreted by pan-
creatic beta cells in response to food intake. Insulin levels also
correlate with energy balance, as levels of insulin fall with
starvation and rise with obesity. Like leptin, central adminis-
tration of insulin results in suppression of food intake [54].
Evidence is also growing that like leptin, peripherally derived
insulin is readily transported into the brain and has the
capacity to regulate synaptic plasticity at hippocampal
synapses. Indeed, application of insulin to acute hippocampal
slices results in the induction of a novel form of NMDA
receptor-dependent LTD [55,56], a process involving tyrosine
phosphorylation and endocytosis of GluA2 [57]. In a manner
similar to leptin, insulin facilitates the induction of LTP [58],
enhances NMDA receptor function and promotes delivery of
NMDA receptors to the cell surface [59,60].

It is well documented that type II diabetes is associated with
dementia and cognitive decits [61]. Diabetic rodent models with
either insulin deficiency or insulin resistance commonly display
impairments in spatial learning and hippocampal synaptic plas-
ticity [62,63]. Deficits in NMDA receptor-driven signalling have
been observed in streptozotocin-induced diabetic rodents [64].

It is known that obesity, owing to leptin resistance, is a “

common feature of type II diabetes. Thus, it is likely that a com-
bination of resistance to insulin and leptin, and the resultant
impairments in hippocampal synaptic plasticity, contribute
to the cognitive decits observed in type II diabetics.

8. Leptin and neurodegenerative disorders

It is known that age is one of the major risks for developing
neurodegenerative disorders such as AD. As life expectancy
rises, it is not surprising that the incidence of AD is rapidly
increasing. In addition to age, lifestyle and diet are important
factors in determining the risk of developing AD. In particu-
lar, evidence from clinical studies indicates that mid-life
obesity significantly increases the risk of AD. As obesity is
mainly due to leptin resistance, it is likely that resistance to
leptin and/or leptin dysfunction contribute to AD. Indeed,
weight loss is a common feature of AD, and clinical studies
indicate that the circulating levels of leptin are significantly
attenuated in AD patients [65]. A recent prospective study
found that the incidence of AD was much lower in non-
obese individuals with high circulating leptin levels [66],
which further supports a link between leptin levels and the
incidence of this disease. Studies in rodent AD models have
also detected correlations between leptin and neurodegenera-
tion as leptin levels are significantly reduced in APPSwe and
CRNDS8 murine models of AD [67,68].

9. Leptin prevents synaptic disruption and
neuronal cell death in Alzheimer's disease
models

Recent evidence indicates that leptin protects neurons from a
variety of toxic insults, including apoptotic stimuli and ischae-
mic conditions [69,70]. In AD, accumulation of B-amyloid (AB)
and formation of amyloid plaques are critically involved in hip-
pocampal and cortical neuron degeneration. Indeed, exposure
of neurons to toxic levels of AB significantly reduces neuronal
viability. However, a recent study has shown that leptin inhib-
its AB-induced toxicity, as exposure to this hormone increases
the viability of cortical neurons treated with AR [69]. Leptin
also directly interferes with the accumulation of AB, as leptin
is reported to inhibit B-secretase activity, thereby reducing
production of AR [71]. In addition, cytoplasmic AP levels
are lowered by leptin, as neuronal uptake of AR is increa-
sed in the presence of leptin [71]. Another key pathological
hallmark of AD is neurofibrillary tangles comprising hyper-
phosphorylated tau. Recent studies indicate that leptin
regulates the levels of phosphorylated tau, as leptin not only
reduces neuronal accumulation of tau but also limits tau
phosphorylation via inhibition of GSK3 [68]. In cortical neur-
ons, leptin markedly reduces AB-stimulated increases in
phosphorylated tau (p-tau; [69]). In the same study, Doherty
et al. [69] detected elevated levels of p-tau in cortical tissue
from Zucker fa/fa rats, suggesting that dysfunctions in the
leptin system increases the expression of proteins linked to
AD pathogenesis. In behavioural paradigms, improvements
in cognitive function have been reported following leptin treat-
ment. Thus, leptin enhances performance in memory tasks in
SAMP8 mice which display AB-induced neuronal toxicity
[67]. Improvements in novel object recognition, contextual

$SL0107 :69€ il '905 Y 'Subu yd 610'6u!uS!|qndKleDOS|EK0rq15i



and cued fear conditioning tests have also been reported fol-
lowing leptin treatment in CRNDS8 mice [68] that overexpress
mutant forms of the human APP gene [72]. Thus, in murine
models of AD, treatment with leptin not only lowers neuronal
levels of toxic AR and p-tau but it also alleviates the cognitive
deficits associated with this disease.

10. Leptin and synaptic function in Alzheimer's
disease

Several studies indicate that acute exposure to AR elicits det-
rimental effects on synaptic function, events thought to
mirror the aberrant synaptic changes occurring in the early
stages of AD. Indeed, AB prevents the induction of LTP
and it facilitates LTD at hippocampal CA1 synapses [73,74].
In addition, exposure to AR promotes removal of glutamate
receptors from synapses that is likely to contribute to
synaptic disruption in AD [75-77]. A recent study has
shown that prior treatment of hippocampal slices with
leptin prevents AP inhibition of hippocampal LTP, as HFS
failed to induce LTP in Ap-treated slices whereas robust
LTP was evident in slices exposed to leptin and AB [69].
Leptin treatment also inhibits the ability of AR to facilitate
the induction of hippocampal LTD. Moreover, AB-driven
removal of AMPA receptors from hippocampal synapses is
significantly attenuated in leptin-treated neurons [69]. A PI
3-kinase dependent process is implicated in the protective
effects of leptin on synaptic function, as leptin failed to pre-
vent both AB-driven facilitation of hippocampal LTD and
the decrease in GluAl surface expression following PI
3-kinase inhibition [69]. The crucial role of PI 3-kinase in pre-
venting the aberrant effects of AB on synaptic function
correlates well with recent studies. Indeed, inhibition of
GSK3pB, a downstream target of PI 3-kinase, prevents inhib-
ition of hippocampal LTP by AR [74]. Furthermore, GSK3
inhibitors are also reported to rescue LTP in a murine
model of AD [78]. Thus, it is feasible that activation of PI
3-kinase and subsequent inhibition of GSK3B play a key
role in leptin-dependent reversal of AR inhibition of LTP.

References

Recent molecular studies also support the notion that alter-
ations in the leptin system contribute to synaptic disruption
early in AD. Indeed, levels of endophilin I, a protein that regu-
lates synaptic vesicle endocytosis and increases the probability
of glutamate release [79] are elevated in post-mortem AD
tissue. Similarly, recent studies indicate that cortical levels of
endophilin I are also significantly elevated in leptin-insensitive
Zucker fa/fa rats [69]. Moreover, exposure of cortical neurons to
leptin significantly reduces the increase in endophilin I levels
induced by A [69]. Thus, dysfunctions in the leptin system
may indirectly result in hippocampal synaptic disruption by
promoting alterations in endophilin I levels.

11. Conclusion

It is well documented that the endocrine hormone leptin regu-
lates many hypothalamic-driven functions, including energy
balance, reproduction and bone formation. However, recent
reports indicate that leptin has cognitive enhancing properties
as it markedly influences the cellular events underlying hippo-
campal-dependent learning and memory. Indeed, leptin
promotes rapid alterations in glutamate receptor trafficking
and excitatory synaptic strength at hippocampal synapses.
However, in accordance with other metabolic systems, the
ability of leptin to regulate hippocampal synaptic function
significantly attenuates with age. In addition, cognitive impair-
ments in age-related neurodegenerative disorders, for instance
AD, have recently been linked to aberrant leptin function.
However, recent studies have revealed that treatment with
leptin counteracts some of pathological events in AD, including
disruption of hippocampal synaptic function and neuronal
degeneration. Thus, developing novel strategies that boost the
cognitive enhancing and neuroprotective actions of leptin
may be a beneficial therapeutic approach in AD.
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