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HIGHLIGHTS

« Hippocampal leptin receptor activation enhances behavior.

« Leptin resistance elicits cognitive dysfunction and depressive-like behaviors.

= Raphe nucleus leptin resistance may decrease hippocampal serotoninergic activity.
» Molecular approaches can identify region-specific leptin activity in the CNS.

ARTICLE INFO ABSTRACT
Article history: The adipocyte-derived hormone leptin is an important regulator of body weight and metabolism through activa-
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characterized activities of leptin in the hypothalamus, it is becoming increasingly clear that the central activities
of leptin extend to the hippocampus. Indeed, leptin receptors are expressed in the hippocampus where these re-
ceptors are proposed to mediate various aspects of hippocampal synaptic plasticity that ultimately impact cogni-
tive function. This concept is supported by studies demonstrating that leptin promotes hippocampal-dependent
learning and memory, as well as studies indicating that leptin resistance is associated with deficits in
hippocampal-dependent behaviors and in the induction of depressive-like behaviors. The effects of leptin on cog-
nitive/behavioral plasticity in the hippocampus may be regulated by direct activation of leptin receptors
expressed in the hippocampus; additionally, leptin-mediated activation of synaptic networks that project to
the hippocampus may also impact hippocampal-mediated behaviors. In view of these previous observations,
the goal of this review will be to discuss the mechanisms through which leptin facilitates cognition and behavior,
as well as to dissect the loci at which leptin resistance leads to impairments in hippocampal synaptic plasticity,
including the development of cognitive deficits and increased risk of depressive illness in metabolic disorders
such as obesity and type 2 diabetes mellitus (T2DM).
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1. Leptin synthesis and signaling

Leptin is predominantly synthesized and released by adipocytes in
proportion to body adiposity [1] and once released into circulation lep-
tin can act in the periphery to play roles in immunity [2], regulation of
insulin secretion [3], sex hormone release [4,5] and lipolysis in adipo-
cytes [6,7]. Leptin is also synthesized and secreted by the gastrointesti-
nal tract where it is proposed to participate in both endocrine and
exocrine activities [8]. These actions of leptin are mediated through ac-
tivation of the short form of the leptin receptor (ObRa). Leptin can also
cross the blood-brain barrier (BBB) through a saturable transport sys-
tem [9] and activate the long form of the leptin receptor (ObRb), a
class 1 cytokine receptor encoded by the diabetes (db) gene [10]. This
isoform of the leptin receptor activates several signaling cascades,
most notably the JAK/STAT pathway. Activation of the JAK/STAT path-
way is initiated by a conformational change in the ObRb that results in
phosphorylation of tyrosine residues on JAK2, which leads to phosphor-
ylation of tyrosine residues on the ObRb. These phosphorylation events
ultimately result in phosphorylation of signal transducer and activator
of transcription 3 (STAT3). Phosphorylated STAT3 serves as transcrip-
tion factor to regulate the expression of genes such as suppressor of cy-
tokine signaling 3 (SOCS3), which mediates feedback inhibition of the
leptin receptor. In addition, leptin stimulates the PI3-kinase and MAPK
(Erk 1/2) pathways through activation of the ObRb. For a more compre-
hensive overview of leptin signaling, see [11]. Leptin resistance can
occur at various points in these signaling pathways, thereby significant-
ly impacting both synaptic plasticity and behavior. Among the brain re-
gions that are adversely affected by leptin resistance is the
hippocampus.

2. The hippocampus, leptin and synaptic plasticity

The hippocampus is part of the limbic system and is comprised of the
Cornu Ammonis regions 1-4 (CA1-4) and the dentate gyrus. From a
functional/anatomical perspective, information enters the hippocam-
pus from the entorhinal cortex through the perforant path to the den-
tate gyrus. Excitatory mossy fiber projections originating in dentate
gyrus granule neurons project onto glutamatergic pyramidal neurons
in the CA3 region and these excitatory CA3 neurons project to the CA1
pyramidal neurons via the Schaffer collaterals. Additionally, CA3 neu-
rons send axon collaterals to other CA3 pyramidal neurons, thereby sig-
nificantly enhancing the anatomical and functional capacity of the
hippocampal network. Beyond these excitatory networks, GABAergic
interneurons are expressed throughout the hippocampus and function-
ally these inhibitory networks help to coordinate excitatory activity in
the hippocampus. It should be noted that an anatomical characteriza-
tion of the hippocampus must also include descriptions of the functional
distinctions between the dorsal hippocampus (proposed to be more in-
volved in spatial cognitive function) and the ventral hippocampus (pro-
posed to be more involved in emotional processing); for review, see
[12]. Leptin receptors are expressed in the hippocampus [13,14] and
leptin has been shown to directly impact electrophysiological and ana-
tomical plasticity of the hippocampus. In this regard, leptin receptor ac-
tivation promotes a variety of measures of synaptic plasticity that may
ultimately be responsible for the pro-cognitive effects of leptin. For ex-
ample, leptin administration to ex vivo brain slices prepared from con-
trol rodents enhances long-term potentiation (LTP) in the hippocampus
[15-17], which is proposed to be a cellular correlate of learning and

memory in the mammalian brain. Leptin-mediated alterations in elec-
trophysiological plasticity are proposed to involve functional interac-
tions with the hippocampal glutamatergic system, including
trafficking of glutamate receptor subunits [ 18-20]. From a morphologi-
cal perspective, leptin promotes motility of dendritic filipodia and in-
creases synaptic density in hippocampal primary cultures [21] and
also increases cell proliferation/neurogenesis in the dentate gyrus [22].
From a molecular perspective, signaling pathways activated by leptin,
such as SOCS and STAT-3, indirectly mediate synaptic plasticity through
transcription of a variety of genes, including genes which regulate cyto-
kine production (e.g. as RANTES, IL6, IL8, MET, and MRAS) [23], neurite
growth [24], and mitochondrial oxidative stress (e.g. Bcl-xL) [25]. How-
ever, few of these studies have specifically examined how leptin activa-
tion of hippocampal SOCS and STAT-3 pathways leads to the
transcription of genes which control structural or cellular plasticity. Col-
lectively, these results support the concept that leptin-mediated signal-
ing promotes hippocampal synaptic plasticity.

Conversely, decreases in synaptic plasticity are likely to contribute to
learning and memory deficits and depressive-like behaviors observed in
experimental models of leptin resistance. In this regard, stimulus-
evoked LTP is reduced in the hippocampus of rodents with leptin resis-
tance [26-34]. Morphological alterations in hippocampal neurons are
also observed in rodents with leptin resistance, including decreases in
spine density [35], decreases in cell proliferation/neurogenesis [36-40]
and deleterious alterations in synaptic organization and dendritic archi-
tecture [27,41,42]. Morphological deficits in the hippocampus of ro-
dents with leptin resistance extend beyond neurons and include
alterations in astroglial elements [42,43] and structural changes in mi-
croglia suggestive of microglial activation [42,44]. Blood-brain barrier
integrity is also compromised in leptin resistant states [45-47], which
may contribute to or exacerbate CNS leptin resistance. As discussed
below, these measures of synaptic plasticity are the foundational sub-
strates of leptin-mediated effects on cognitive/behavioral function.

3. Leptin & behavior
3.1. Leptin enhancement of learning and memory

One of the first studies to examine the effects of leptin on behavior
failed to identify any pro-cognitive effects of leptin administration. Spe-
cifically, bilateral injection of leptin into the CA1 region of the hippo-
campus did not modulate learning and memory in the radial arm
maze test in Wistar rats [48]. However, subsequent studies determined
that increasing brain concentrations of leptin positively impacted learn-
ing and memory, often in a dose-dependent manner. For example, stud-
ies by Farr and coworkers determined that bilateral intrahippocampal
injections of leptin dose-dependently improved performance in the T-
maze and the step down inhibitory avoidance test [49]. Interestingly,
the highest doses of leptin tested did not affect behavior in the step
down avoidance test, thereby possibly providing insight into the lack
of effect of intrahippocampal leptin effects reported in Wistar rats
[48]. Subsequent studies revealed similar dose-response effects of leptin
on behavior [50], in that peripheral administration of leptin dose-
dependently enhanced behavioral performance in the passive avoid-
ance task and the water maze. Interestingly, the highest doses of leptin
tested actually impaired learning in these tests [16]. Studies by Kanoski,
Hayes and coworkers differentiated between dorsal and ventral activi-
ties of leptin in hippocampal-dependent behaviors. In this regard,
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bilateral ventral hippocampal injection of leptin inhibited conditioned
place preference appetitive behaviors and food-related spatial memory
consolidation, while dorsal hippocampal leptin administration did not
impact these behaviors [51]. Importantly, in these studies leptin did
not impact locomotor performance in the elevated plus maze [52,53],
the open field test [54,55], the operant runway [51] or the water maze
[26]. Such results suggest that leptin does not ubiquitously impact be-
havior, but rather more specifically modulates plasticity in learning
and memory-based behavioral tasks.

3.2. Leptin resistance and learning and memory impairments

Studies that have examined behavioral performance in rodents with
leptin resistance provide further support for the concept that leptin re-
ceptor activation plays a critical role in hippocampal synaptic plasticity.
These studies are based on several experimental models, including ro-
dents with genetic mutations in the leptin gene (ob/ob mice), mutations
that result in non-functional leptin receptors (db/db mice, Zucker rats)
or experimental manipulations that induce leptin resistance (e.g. high
fat diet models or through the use of virus-mediated gene transfer).
For instance, db/db mice [26,39] and Zucker rats [26,31] exhibit spatial
learning and memory deficits in the water maze that were not attribut-
able to deficits in locomotor activity. Our previous studies also deter-
mined that Zucker rats exhibit deficits in hippocampal-dependent
learning. Using the variable interval delayed alternation task, we report-
ed that Zucker rats learned the go-no go task as effectively as their lean
counterparts when there was no inter-trial interval (ITI) or when the
was the ITI was short. However when the ITI was increased, which is
more dependent on structural and functional plasticity in the hippo-
campus, Zucker rats performed more poorly when compared to lean
control rats [56]. In addition to genetic models, rodents provided high
fat diets that develop leptin resistance also exhibit deficits in
hippocampal-dependent behaviors [29,57-62]. Our prior studies using
a lentivirus packaged with an antisense sequence selective for the insu-
lin receptor (LV-IRAS) determined that hypothalamic-specific insulin
resistance (Hypo-IRAS) elicits deficits in hippocampal-dependent be-
haviors that are associated with leptin resistance. Specifically, downreg-
ulation of hypothalamic insulin receptors induces a metabolic
syndrome (MetS) phenotype that includes leptin resistance [27,63]
and also elicits decreases in contextual fear condition that were associ-
ated with structural and functional deficits in the hippocampus [27].
Nonetheless, it is important to emphasize that these models of leptin re-
sistance share common endocrine and metabolic changes that results in
a complex phenotype that does not exclusively include leptin resis-
tance. Indeed, metabolic and endocrine changes of peripheral origin
are likely contributing to the deficits in hippocampal synaptic plasticity
observed in these studies. As such, in the broader context of the com-
plex endocrine milieu associated with metabolic disorders, an impor-
tant challenge for investigators is to determine the relative
contribution of leptin resistance in the development of hippocampal
neuroplasticity deficits.

3.3. Leptin, leptin resistance and depressive-like behaviors

In addition to enhancement of learning and memory, leptin admin-
istration also elicits antidepressant-like effects in control rodents. In this
regard, peripheral administration of leptin dose-dependently decreases
immobility time in the tail suspension test and forced swim test (FST)
[55] and also elicits anxiolytic effects in the elevated plus maze [50,
55]. While these behavioral tests unequivocally involve multiple brain
regions and activation of different neuronal circuitry, these results sug-
gest that activation of hippocampal leptin receptors is associated with
an enhancement of behavior in tests that are traditionally used to mea-
sure depressive-like and anxiety-like behaviors in rodents. In further
support of this hypothesis, mice with leptin receptors selectively
knocked out in glutamatergic neurons in the hippocampus and

prefrontal cortex (PFC) exhibit depressive like behaviors, indicating
that leptin mediation of these forebrain excitatory networks are impor-
tant mediators of depressive-like behaviors [54]. Moreover, the antide-
pressant activities of leptin are abolished in these mice. Subsequent
studies from this same group revealed an important role for hippocam-
pal NMDA receptors in the antidepressant activities of leptin [64].
Therefore, while leptin receptor activity beyond the hippocampus is
likely to be involved in these complex behaviors, these studies illustrate
the pivotal role of hippocampal leptin activity in the antidepressant ac-
tivities of leptin.

Studies using rodent models of leptin resistance further support this
relationship between leptin and depressive-like behaviors. In this re-
gard, ob/ob mice [65,66] and db/db mice [52] exhibit behavioral despair
in the FST and anhedonia in the sucrose preference test. While locomo-
tor activity (as measured by distance traveled) does not change in the
elevated plus maze, db/db mice spend less time in the open arms and
make fewer entries in the open arms of the maze, behavior which is in-
dicative of an anxiety-like behavioral phenotype [52]. Rodents provided
a high fat diet that elicits an obesity phenotype that includes leptin re-
sistance also exhibit behavioral despair, anhedonia and anxiety-like be-
haviors [65,67]. Additionally, we have previously reported that leptin
resistant Hypo-IRAS rats also exhibit depressive-like and anxiety-like
behaviors [53]. Interestingly, dietary restriction or return to a normal
chow diet reversed depressive-like behaviors in Hypo-IRAS rats [68]
and diet-induced obese (DIO) mice [65], respectively. From a transla-
tional perspective, these results from experimental models reflect
what is seen in the clinical setting in that obese individuals have a great-
er risk of developing depressive illness [69-74] and that reductions in
body weight (as achieved through bariatric surgery) are associated
with an elevation in mood [75-79]. Nonetheless, these clinical and pre-
clinical studies suffer from the same limitation noted above, namely
what is the relative contribution of leptin resistance in the development
of neuropsychiatric disorders in MetS, obesity and T2DM?

4. Strategies to more selectively target leptin receptors in the CNS
4.1. Pegylated leptin receptor antagonist

As noted above, one of the limitations associated with these studies
is that it is difficult to disentangle the relative contribution of peripheral
endocrine abnormalities from CNS deficits in the development of neuro-
behavioral impairments in metabolic disorders [80]. Indeed, these ex-
perimental models exhibit a variety of changes that may include
insulin resistance, hyperglycemia, hypothalamic-pituitary-adrenal
(HPA) axis dysfunction, increases in pro-inflammatory cytokines and
decreases in the expression of neurotrophic factors such as brain-
derived neurotrophic factor (BDNF) [81]. Moreover, CNS leptin resis-
tance involves both a decrease in leptin transport across the BBB and de-
creases in leptin receptor signaling [82,83]. As such, differentiating
cause from consequence in the development of neurobehavioral deficits
in metabolic disorders that involve peripheral endocrine abnormalities
and CNS deficits represents a major obstacle in the development of
strategies to effectively manage cognitive deficits and neuropsychiatric
disorders in obesity, MetS and T2DM.

In view of these limitations, we recently completed a study to exam-
ine whether induction of a CNS leptin-deficient state would elicit
depressive-like behaviors in rats. To accomplish this goal, rats were
treated with a pegylated leptin receptor antagonist (Peg-LRA) that
blocks BBB transport of leptin and thereby creates a leptin-deficient
state in the CNS [84]. In support of this approach, administration of
the Peg-LRA elicited the expected decreases in BBB transport of leptin,
as evidenced by decreases in leptin receptor signaling in response to pe-
ripherally administered leptin [85]. From a behavioral perspective, Peg-
LRA administration did not elicit anhedonia in the sucrose preference
test, unlike observations in DIO mice [65] and Hypo-IRAS rats [53].
However, Peg-LRA-treated rats exhibited increases in immobility
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Fig. 1. Behavioral despair is differentially affected in models of leptin resistance. Panel A: In
the forced swim test, administration of a pegylated leptin receptor antagonist (Peg-LRA)
significantly reduces swimming behaviors while climbing behaviors are unaffected
compared to vehicle-treated control rats. Panel B: Virus-mediated downregulation of
hypothalamic insulin receptors (Hypo-IRAS) elicits an obesity/MetS phenotype that is
associated with depressive-like behaviors, including behavioral despair in the forced
swim test [53]. However, both climbing and swimming behaviors are non-significantly
reduced in Hypo-IRAS compared to Hypo-Control (Hypo-Con) rats. These differential
effects upon ‘active’ behaviors in the FST provide insight into the neurotransmitter
systems and circuits that may regulate these behaviors in leptin resistant rodents. See
text for details. [* = p < 0.05].

behaviors and corresponding decreases in active behaviors in the FST,
consistent with other experimental models of leptin resistance [52,
65-67], including our prior studies in Hypo-IRAS rats [53]. Closer exam-
ination of the behaviors in Peg-LRA rats in the FST revealed that the def-
icits in active behaviors were due exclusively to deficits in swimming
behavior, whereas climbing behaviors were similar in Peg-LRA rats
compared to control rats (Fig. 1, Panel A). Conversely, Hypo-IRAS rats
exhibited non-significant decreases in both swimming and climbing be-
haviors compared to Hypo-Con rats (Fig. 1, Panel B), which when com-
bined resulted in significant decreases in active behaviors [53]. Such
results provide insight into the neurotransmitter systems that may be
affected by leptin resistance elicited by Peg-LRA administration when
compared with leptin resistance observed in Hypo-IRAS rats. In this re-
gard, prior studies by Cryan and Lucki and coworkers determined that
serotonin-selective reuptake inhibitors (SSRIs) preferentially affect
swimming behaviors in the FST while drugs that primarily affect norepi-
nephrine preferentially impact climbing behaviors (For review see
[86]). Since the raphe nucleus is the primary site of synthesis of 5-HT
in the brain and leptin receptors are expressed in this brain region [13,
87], leptin resistance in the raphe nucleus may diminish the synthesis
of 5-HT and thereby be a critical site for the neurochemical deficits
that drive some components of depressive illness in obesity. In this con-
text, it is interesting to speculate that Peg-LRA administration

preferentially impacts the serotonergic system while Hypo-IRAS rats
develop an endocrine and metabolic phenotype that affects a number
of neurotransmitters systems that includes the serotonergic system.
These results from Peg-LRA-treated rats also support the concept that
distinct endocrine or immune features of the obesity profile might un-
derlie specific neurochemical and depressive-like behavioral conse-
quences. As such, an interesting future direction would be to perform
a comprehensive neurochemical evaluation of serotonin, norepineph-
rine and dopamine to determine how changes in these neurotransmit-
ters contribute to the more selective behavioral deficits in Peg-LRA
rats vis-a-vis other models of leptin resistance.

4.2. Molecular approaches to target leptin receptor expression

The studies using the Peg-LRA illustrates that the induction of leptin
resistance initiates the development of an obesity phenotype and defi-
cits in some but not all behaviors that have been traditionally used to
measure ‘depressive-like’ behaviors. Nonetheless, similar to other
models of leptin resistance, Peg-LRA rats exhibit a variety of endocrine
and metabolic alterations including increases in body weight and adi-
posity, insulin resistance, increases in plasma triglyceride levels and in-
creased indices of peripheral inflammation [85]. As an alternative,
genetic targeting of leptin receptors may provide an approach to more
accurately determine the contribution of CNS leptin resistance to the
development of neurobehavioral deficits independent of peripheral en-
docrine and metabolic changes. As noted above, Guo and coworkers re-
ported that forebrain knockout of leptin receptors in mice elicited
behavioral despair and anhedonia in the absence of changes in body
weight, body adiposity, plasma levels of insulin and plasma leptin levels
[54]. Virus-mediated gene transfer also represents an approach to selec-
tively target leptin receptor-containing populations in the CNS [88,89].
Using this strategy, we have developed a lentivirus packaged with an
antisense sequence selective for the leptin receptor (LV-LepRAS). Rats
that receive intra-hypothalamic injections of the LV-LepRAS construct
exhibit significant increases in body weight compared to rats treated
with the LV-Control construct (Fig. 2). In order to determine whether
downregulation of hypothalamic leptin receptors would elicit deficits
in leptin signaling, LV-LepRAS rats and LV-Control rats received an in-
traperitoneal injection of leptin (5 mg/kg) and were then processed
for pSTAT3 immunoreactivity 60 min following leptin administration.
As shown in Fig. 3, LV-Control rats exhibited the expected increases in
pPSTAT3 in the ventromedial nucleus of the hypothalamus, demonstrat-
ing that leptin receptor signaling was unaffected by administration of
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Fig. 2. Lentivirus-mediated downregulation of hypothalamic leptin receptors significantly
increases body weight. Rats received third ventricular injections of either a control
lentivirus (LV-Con) or a lentivirus containing an antisense sequence selective for the
leptin receptor (LV-LepRAS). Beginning approximately 14 days following virus
administration, LV-LepRAS rats exhibit significant increases in body weight compared to
LV-Con rats. [* = p < 0.05].
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LV-LepRAS
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Fig. 3. Peripheral leptin administration increases the phosphorylation of STAT3 (pSTAT3)
in the hypothalamus of LV-Control rats but not in the hypothalamus of LV-LepRAS rats.
Rats received an intraperitoneal injection of leptin (5 mg/kg) and brains were processed
for pSTAT3 immunohistochemistry as described in our previous studies [27,85]. Left
panel depicts representative bright-field micrograph of leptin-induced pSTAT3
immunoreactivity in the ventromedial nucleus of the hypothalamus (VMH) of rats that
received third ventricular injections of the LV-Con construct. Right panel depicts
representative bright-field micrograph in which leptin-stimulated pSTAT3
immunoreactivity is significantly reduced in the VMH of LV-LepRAS rats. Such results
indicate that LV-LepRAS-treated rats develop leptin resistance.

the control virus. Conversely, peripheral leptin administration failed to
elicit a significant increase in pSTAT3 immunoreactivity in the hypothal-
amus of LV-LepRAS rats. These results demonstrate that the LV-LepRAS
construct effectively induces hypothalamic leptin resistance and there-
by may serve as an effective tool to examine the region specific activities
of leptin receptors throughout the CNS. We have used a similar ap-
proach to examine the functional activities of insulin receptors in the
hippocampus [90]. The results of this study illustrated that induction
of hippocampal-specific insulin resistance elicited deficits in hippocam-
pal synaptic plasticity and impairments in hippocampal-dependent
spatial learning and memory independent of changes in peripheral in-
sulin sensitivity or glucose homeostasis. Accordingly, an interesting fu-
ture direction would be to determine whether intra-hippocampal
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administration of the LV-LepRAS construct similarly elicits deficits in
hippocampal synaptic plasticity independent of peripheral endocrine
or metabolic changes. Such results would more specifically determine
the functional activities of leptin receptors expressed in the hippocam-
pus. However, it is also likely that leptin receptor activation of neural
circuits that project to the hippocampus modulate behavioral activities
and virus-mediated gene transfer would be an effective way of identify-
ing these circuits. In this regard, previous elegant studies by Davis et al.
[88] and Hommel et al. [89] demonstrated that virus-mediated knock-
down of midbrain leptin receptors regulate/activate reward pathways
through the modulation of dopaminergic tone. Similarly, an interesting
approach would be to determine whether leptin resistance restricted to
the raphe nucleus elicits depressive-like behaviors and deficits in hippo-
campal serotonergic tone. Such results would support the concept that,
similar to the insulin receptor system (see [80]), CNS leptin receptor ac-
tivity acts independently of peripheral leptin signaling and moreover
that leptin receptors exhibit region-specific functional activities.

5. Conclusions and perspectives

Collectively, the existing literature illustrates that different leptin re-
ceptor populations modulate diverse behavioral activities including
feeding, motivated behaviors and cognition. Furthermore, these behav-
ioral endpoints may be regulated by the local expression of leptin recep-
tors, as well as by the stimulation of neuronal networks activated by
leptin receptors expressed at more distal sites (Fig. 4). Another impor-
tant, and perhaps underappreciated issue, relates to the temporal na-
ture of the responses mediated by leptin under normal physiological
conditions, as well as the temporal nature of the development of leptin
resistance. For example, a key question is how accurately administration
of leptin to an ex vivo preparation or intraventricular or
intrahippocampal leptin administration mimics the CNS actions of lep-
tin released from adipocytes or from other sources such the GI tract fol-
lowing a meal. Indeed, peripherally-derived peptides such as leptin do
not act as rapidly or as dynamically as classic neurotransmitters (i.e.
amino acids, catecholamines, acetylcholine) or neuropeptides released

Raphe Nuclei
Projections

Leptin
Receptor

Fig. 4. Direct and indirect mechanistic circuits through which leptin receptor activity modulates hippocampal-related behaviors. Under physiological conditions, leptin released from
adipocytes crosses the blood-brain barrier via a facilitated transport system and activates leptin receptors expressed in the CNS (as depicted in the green arrows and yellow receptor
symbols). Activation of hippocampal leptin receptors is proposed to contribute to enhancement of hippocampal-dependent behaviors such as spatial learning and memory. In
combination with the activation of hippocampal leptin receptors, activation of leptin receptors in the VTA and the raphe nucleus may directly modulate motivated behaviors and elicit
anti-depressant like effects via activation of neuronal circuits that project to the hippocampus (as depicted in the green shaded portion of the figure). While obesity is associated with
increases in adiposity and plasma levels of leptin, a characteristic feature of obesity is CNS leptin resistance, which results from a combination of decreased blood-brain barrier
transport of leptin and a decrease in leptin receptor signaling (as depicted in the dashed red lines). Under such conditions, the combination of hippocampal leptin resistance and
reduced circuit activation from the raphe nucleus and the ventral tegmental area (VTA) would result in impairments in hippocampal-dependent learning and memory and the
development of depressive-like behaviors (as depicted in the red-shaded portion of the figure). These observations from pre-clinical studies predict that CNS leptin resistance is a
mechanistic link in the cognitive deficits and increased risk for neuropsychiatric disorders in obese individuals. See text for details.
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directly into the synaptic cleft. Therefore, leptin could be thought of
more as a trophic factor that establishes a substrate upon which
neuroplasticity can be facilitated by neurotransmitters and neuropep-
tides, as well as by peripherally-derived signals such as insulin or leptin
itself. Under such circumstances, the trophic effects of leptin likely de-
velop more slowly and involve structural and functional synaptic
changes, as well as changes in gene expression. Similarly, the initial
stages of leptin resistance involve decreases in leptin receptor signaling
which are followed by impairments in BBB transport of leptin [91]. Ad-
ditionally, leptin resistance could slowly and incrementally lead to the
disintegration of the structural and functional substrates which are nec-
essary for neuroplasticity. As such, one of the limitations of our current
approaches is that we are often restricted to measuring leptin activity as
a ‘snapshot’ rather than as a continuum of how leptin facilitates
neuroplasticity or how leptin resistance impairs neuroplasticity. As we
move forward, an important question that remains to be addressed is
how integration of localized hippocampal leptin resistance, leptin resis-
tance in circuits that project to the hippocampus, decreases in BBB lep-
tin transport and peripheral leptin resistance ultimately result in
cognitive deficits and neuropsychiatric disorders. Addressing these is-
sues would represent a major advance and would hopefully assist in
the development of novel treatment strategies for the neurological con-
sequences elicited by metabolic disorders like obesity, MetS and T2DM.

A final note: this manuscript was submitted as part of a Special Issue
for the 2016 Society for the Study of Ingestive Behaviors (SSIB) meeting.
At the SSIB meeting, our laboratory participated in a symposium dedi-
cated to our friend and colleague Dr. Randall Sakai. Words cannot
truly encapsulate our appreciation to the Society for creating the time
in the 2016 meeting for this session, and we were humbled by the invi-
tation to participate. Randall was a guiding force in our lives (“Dude, are
you going to fish or cut bait?”) and in the way we conducted our re-
search (“The controls are the most important group!”). Every day we
miss his scholarship, his wisdom, his friendship and his infectious
laugh. While his legacy will continue on in our Society through the
ways he influences the science of his colleagues and mentees, the sci-
ence cannot fill the cavernous void we feel in our hearts and our souls
and in our lives. For these reasons we are most grateful to the SSIB com-
munity for this opportunity and hope we were able to make him proud
with our presentation and this review.
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