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Abstract: Insulin crosses the blood–brain barrier to enter the brain from the periphery. In the brain, in-
sulin has well-established actions in the hypothalamus, as well as at the level of mesolimbic dopamine
neurons in the midbrain. Notably, insulin also acts in the striatum, which shows abundant expression
of insulin receptors (InsRs) throughout. These receptors are found on interneurons and striatal
projections neurons, as well as on glial cells and dopamine axons. A striking functional consequence
of insulin elevation in the striatum is promoting an increase in stimulated dopamine release. This
boosting of dopamine release involves InsRs on cholinergic interneurons, and requires activation
of nicotinic acetylcholine receptors on dopamine axons. Opposing this dopamine-enhancing effect,
insulin also increases dopamine uptake through the action of insulin at InsRs on dopamine axons.
Insulin acts on other striatal cells as well, including striatal projection neurons and astrocytes that also
influence dopaminergic transmission and striatal function. Linking these cellular findings to behavior,
striatal insulin signaling is required for the development of flavor–nutrient learning, implicating
insulin as a reward signal in the brain. In this review, we discuss these and other actions of insulin in
the striatum, including how they are influenced by diet and other physiological states.
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1. Introduction

Since the discovery of insulin 100 years ago, a primary focus of insulin research has
been to understand how this metabolic hormone regulates glucose homeostasis. The body
of evidence gained has been fundamental for developing treatment strategies for conditions
involving insulin resistance, including obesity-sensitive type 2 diabetes [1]. However, the
actions of insulin in the body are not just metabolic in nature, and are not restricted to
the periphery. Pancreatic insulin can enter the brain slowly at the level of the choroid
plexus, which produces cerebrospinal fluid (CSF) in the ventricles of the brain. Ventricular
CSF is contiguous with brain interstitial fluid, allowing a gradual increase in brain insulin
levels following insulin release in the periphery. A more direct and rapid source for brain
entry, however, is by trans-endothelial transport at the level of brain microvasculature,
i.e., by crossing the blood–brain barrier (BBB) [2–5]. In addition, it has been suggested
that insulin may be produced and released at the choroid plexus [6], and even by some
neurons [7,8] and astrocytes [9] within the brain, providing an even more local and rapid
source of insulin.

Physiological concentrations of insulin in CSF and the brain are estimated to reach
10 to 30 nM after food intake [2,10–13]. Within the brain, mRNA transcripts and protein
for insulin receptors (InsRs) are distributed widely with high levels in the olfactory bulb,
hypothalamus, hippocampus, cortex, cerebellum, midbrain and striatum [14–20]. Thus,
insulin has the potential to impact multiple brain regions and their functions through InsR
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signaling. Insulin also acts at insulin-like growth factor 1 receptors (IGF-1Rs), albeit at
higher concentrations than those required to activate InsRs [17,21], as well as to hybrid
receptors containing InsR subunits with IGF-1R subunits [22]. Both receptor types, however,
use similar downstream signaling machinery [23–26]. Consequently, discerning actions of
insulin in the brain through InsRs vs. IGF-1Rs is vital for understanding insulin’s effect
on brain function and for specific targeting of appropriate receptor-mediated signaling
components to combat brain dysfunction.

The most studied function of insulin in the brain is its role as a satiation signal acting
in the hypothalamus to limit food intake during a meal, as well as to indicate satiety
between meals [27,28]. However, this is far from the only role of insulin in the brain,
with increasing evidence for its influence on diverse brain functions, ranging from non-
homeostatic hedonic feeding and food choices to cognition and regulation of emotional
tone [29–36]. Importantly, development of insulin resistance in the periphery also extends
to the brain, with mechanisms and consequences of dysregulated insulin signaling in
specific regions largely under explored.

In recent years, much interest has been focused on the actions of insulin on mesolimbic
dopamine neurons in the midbrain that drive motivated behavior. Selective activation
of InsRs on ventral tegmental area (VTA) dopamine neurons opposes somatodendritic
dopamine release by increasing dopamine uptake [37]. Moreover, insulin in the VTA
impairs glutamatergic transmission onto dopamine neurons [38] and thereby decreases
dopamine release from VTA axon projections in the ventral striatum [39], which leads to
decreased feeding behavior [37,38]. The details of the actions of insulin in the VTA have
been recently reviewed [30,34]. However, insulin also has distinct actions in the striatum
that compete with those at the level of dopamine neurons in the VTA.

Here we review the actions of insulin in the striatum, a forebrain region crucial for
movement, mood, and motivated behavior, functions that are strongly influenced by its
dense dopaminergic innervation that arises from midbrain dopamine neurons in the sub-
stantia nigra pars compacta (SNc) and VTA. This dopaminergic input regulates the activity
of striatal projection neurons (SPNs), which provide the sole neuronal output from the
striatum. We describe how insulin influences striatal dopamine axons through activation
of sparse but influential cholinergic interneurons (ChIs) to promote dopamine release,
and also acts directly on dopamine axons to enhance dopamine uptake. Complemen-
tary behavioral studies show that the actions of endogenous insulin in a subregion of
the ventral striatum, the nucleus accumbens (NAc) shell, regulates the development of
nutrient-based flavor preference, a dopamine-dependent process. Moreover, the influence
of insulin in food choice is oppositely affected by food restriction or the availability of high
energy/obesogenic diets. We also consider the actions of insulin on SPNs and on striatal
astrocytes, as well as the broader implications of the actions of insulin in the striatum on
dopamine release regulation and its possible role in anxiety and depressive-like behaviors.

2. Insulin Promotes Striatal Dopamine Release through ChIs and nAChRs

Striatal dopamine release is governed by the activity of midbrain dopamine neurons,
but can also be triggered from within the striatum by activation of nicotinic acetylcholine
receptors (nAChRs) that are enriched on dopamine axons [40–43]. The source of acetyl-
choline (ACh) for this process are ChIs, which make up only a small percentage of the
neuronal population of the striatum, yet exert a powerful influence on dopamine release
and striatal function through extensive axonal processes that enable non-synaptic, as well
as synaptic-like, transmission with dopamine axons [43].

Early studies using autoradiography show abundant InsR binding sites throughout
the striatum (Figure 1a) [15–17] but lack the resolution to discern which striatal cells express
these InsRs. Analysis of RNA-seq data in DropViz (http://dropviz.org, accessed on 16
September 2022) [44], shows the highest levels of mRNA for InsRs in ChIs compared to
other striatal cells including SPNs (Figure 1b). Consistent with abundant mRNA in ChIs,
immunohistochemical examination of InsRs in rat striatum indicates dense labeling for
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InsR proteins in ChIs, identified by co-immunostaining for the primary enzyme for ACh
synthesis, choline acetyltransferase (ChAT) (Figure 1c) [19]. Thus, ChIs provide a significant
target by which insulin could influence dopamine transmission.
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Figure 1. InsR localization in striatum and insulin-dependent regulation of striatal dopamine release
via ChIs, InsRs and nAChRs. (a) Autoradiographic image of insulin receptor (InsR) binding sites
throughout the rat striatum, including in the dorsal striatum (dStr), nucleus accumbens (NAc) core
and shell subregions marked by red asterisks; modified with permission from [16]. Abbreviations: cc,
corpus callosum; FrPa, frontal parietal cortex; LS, lateral septum; MS, medial septum; PO, preoptic
area; oTu, olfactory tubercle. (b) Comparison of relative mRNA levels for InsRs in striatal cells
shows high abundance in cholinergic interneurons (ChIs) versus D1 or D2 spiny projection neurons
(SPNs), parvalbumin positive interneurons (Pvalb-IN), somatostatin positive interneurons (Sst-IN)
or astrocytes; RNA-seq data was obtained using DropViz. (c) Immunohistochemical staining of
InsRs in a biocytin-filled, ChAT-positive ChI; scale = 10 µm; images from [19]. (d) Left: Response of
current-clamped rat ChI to depolarizing current pulses; insulin (30 nM) increases ChI excitability by
attenuating action potential (AP) accommodation. Right: Insulin-induced increase in ChI excitability
is prevented by an InsR antagonist, HNMPA, but not by an IGF-1R antagonist, PPP; from [19]. (e) Left:
Insulin (30 nM) enhances single-pulse evoked increases in extracellular dopamine concentration
([DA]o) in dStr but has a greater effect in NAc core and NAc shell subregions of rat striatal slices.
Right: Insulin evoked increases in [DA]o are prevented by nAChR antagonists, mecamylamine (mec)
or DHβE; from [19]. For d and e, n.s. is not significant, ** p < 0.01, *** p < 0.001.
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2.1. Insulin Increases the Excitability of Striatal ChIs

Electrophysiological recordings in ex vivo striatal slices have demonstrated functional
consequences of InsR activation in ChIs. The method used is whole-cell recording, in which
a micropipette containing a solution resembling the cytoplasm forms a continuum with an
individual cell, enabling the electrical activity of the cell to be monitored. In experiments
using current-clamp recording in which the current across a cell membrane is controlled
and membrane potential is monitored, injecting positive current to depolarize a recorded
neuron causes an initial burst of action potentials (APs) that shows a progressive decrease in
frequency with continued depolarization. This is referred to as AP accommodation [45]. Ad-
dition of a physiological concentration of insulin (30 nM) to the artificial cerebrospinal fluid
(aCSF) that superfuses the slice increases ChI excitability, seen as an increase in AP number
during prolonged depolarization, i.e., attenuated AP accommodation (Figure 1d) [19]. This
increase in excitability is InsR dependent, as the effect of insulin is prevented by an InsR
inhibitor, HNMPA (hydroxy-2-naphthalenylmethylphosphonic acid), whereas blocking
IGF-1Rs with PPP (picropodophyllin) has no effect (Figure 1d) [19]. The mechanism by
which insulin increases ChI excitability is unresolved, but is likely to involve one or more
ion channels governing the membrane dynamics of these neurons [45,46].

2.2. Insulin Boosts Dopamine Release via InsRs, and Requires PI3K and nAChRs

The action of insulin on ChI excitability is sufficient to have a profound impact on
axonal dopamine release in striatal slices as monitored using fast-scan cyclic voltammetry
(FSCV). FSCV is an electrochemical method used to monitor the profile of evoked increases
in extracellular dopamine concentration ([DA]o) by detecting the current generated during
the oxidation of dopamine at the surface of a carbon fiber microelectrode when a triangular
voltage waveform is applied. The voltage waveform is typically applied every 100 ms and
the carbon fiber microelectrode is typically 5 to 10 µm in diameter thereby providing a
dopamine release profile with high temporal (subsecond) and high spatial (few microm-
eter) resolution [47,48]. Previous studies using FSCV show that up to 70% of dopamine
release evoked by a single electrical pulse in striatal slices can be attributed to ChI-induced
ACh release and consequent activation of nAChRs on dopamine axons [49–52]. Strikingly,
application of low nM insulin via the aCSF amplifies single pulse-evoked [DA]o further,
with a greater enhancement in the reward-related NAc core and shell regions of the ventral
striatum than in the motor-related dorsal striatum (dStr) (Figure 1e). This regional het-
erogeneity in the response to insulin mirrors the regional density of InsRs in the striatum
(Figure 1a) [15–17]. Showing that the influence of insulin on dopamine release involves
dynamic regulation of the exocytotic process, tissue dopamine content of striatal slices is
unaltered when exposed to 30 nM insulin, eliminating potential contributions from changes
in dopamine synthesis or storage [19].

Like the changes seen in ChI excitability, amplification of evoked [DA]o by insulin is
mediated by InsRs rather than IGF-1Rs; insulin-induced increases in dopamine release are
prevented by HNMPA, but not by PPP [19]. Interestingly, a higher concentration of insulin,
100 nM, does not produce a significant enhancement of evoked dopamine release which
could reflect competing activation of IGF-1Rs, as seen in SPNs (see Section 5), although this
has not been investigated.

InsRs are members of the receptor tyrosine kinase superfamily which activate two ma-
jor signaling pathways: the phosphatidylinositol 3-kinase (PI3K) pathway and the mitogen-
activated protein kinase (MAPK) pathway [53]. Insulin-induced changes in evoked [DA]o
are prevented in the presence of a PI3K inhibitor, LY29002 in all striatal subregions, reveal-
ing the involvement of known downstream signaling mechanisms for insulin activation
of InsRs in this process [19]. Demonstrating a pivotal ACh-DA interaction, the effect of
insulin on evoked [DA]o is prevented by mecamylamine, a non-selective nAChR antag-
onist, as well as by DHβE, a selective antagonist of β2 subunit containing (β2*) nAChRs
(Figure 1e) [19]. Insulin amplifies evoked striatal [DA]o in slices from mice, as well as from
rats; however, the effect of insulin is absent throughout the striatum of mice with genetic
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deletion of ChAT (ChAT KO) [19]. Together these observations provide a model by which
insulin activation of InsRs on ChIs induces enhancement of ChI activity which then boosts
ACh-mediated dopamine release via nAChRs on dopamine axons (Figure 2).
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Figure 2. Summary of the multiple ways by which insulin can regulate striatal dopamine (DA)
transmission. Activation of insulin receptors (InsRs) on cholinergic interneurons (ChIs) increases ChI
excitability, which increases acetylcholine (ACh) release and activation of nicotinic ACh receptors
(nAChRs) on dopamine axons to boost dopamine release and increase extracellular DA concentration
([DA]o). Activation of InsRs on dopamine axons increases dopamine transporter (DAT) surface
expression via the PI3K/Akt pathway to increase the maximum velocity (Vmax) of dopamine uptake,
thereby lowering [DA]o. Activation of InsRs on astrocytes increases exocytotic ATP release, which
activates purinergic P2Y receptors (P2YR) on dopamine axons and enhances dopamine release.
Insulin also decreases monoamine oxidase (MAO) activity in dopamine axons and glial cells, thereby
decreasing dopamine metabolism and prolonging the time course of dopamine actions.

3. Insulin Enhances Striatal Dopamine Uptake via DAT on Dopamine Axons

The dopamine transporter (DAT) is expressed exclusively in dopamine neurons in
both the midbrain cell body region and forebrain dopamine axons in the striatum [54–56]
and is crucial for curtailing the amplitude and duration of dopamine transients, as well
as maintaining homeostatic levels of [DA]o through transporter-mediated uptake [57,58].
Thus, [DA]o at a given location and time reflects a balance between the opposing processes
of release and uptake [51,52]. In addition, DAT-dependent dopamine uptake provides a
major source of dopamine for vesicular uptake and storage for subsequent release [59].

In addition to the localization of InsRs in striatal cells, immunohistochemical analysis
of striatal InsRs show expression on dopamine axons, identified by the presence of tyrosine
hydroxylase, the primary enzyme required for dopamine synthesis [19]. Downstream
effects of InsR activation include the regulation of dopamine uptake. Insulin increases
expression of mRNA for DAT in midbrain dopamine neurons [60], which could theoret-
ically increase total DAT protein levels. However, the most profound effect that insulin
has on the DAT is its ability to redistribute DAT localization within a dopamine neuron.
Although an integral part of the plasma membrane, DAT surface expression is dynamically
regulated by endocytic trafficking mediated by a variety of intracellular signaling path-
ways, including PKC, which promotes DAT internalization, and the PI3K-Akt signaling
pathway which has the opposite effect [61–63]. Given that both InsRs and IGF-1Rs belong
to the receptor tyrosine kinase superfamily that couple to PI3K via phosphorylation of InsR
substrates [23–26], insulin can influence DAT surface expression and function via these
pathways. In striatum, it has been shown that in addition to enhancing dopamine release
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(see Section 2), insulin promotes DAT trafficking to the plasma membrane through PI3K-
Akt signaling, thereby increasing overall DAT activity and dopamine uptake [61,62,64–66].
Dopamine uptake in the striatum is governed by Michaelis–Menten kinetics [67] and has
been assessed using several different methods and experimental preparations. Although
the values for the uptake kinetic parameters obtained are not directly comparable across
studies [68], the general consensus is that insulin increases the maximal uptake velocity,
Vmax, for dopamine with little or no effect on Km, which is inversely related to the affinity of
the DAT for dopamine [61,64–66,69]. Moreover, although dopamine uptake is less efficient
in the ventral striatum than in the dorsal striatum [70–72], enhanced dopamine uptake by
insulin is seen throughout the striatal complex and in both rats and mice [64–66,69].

Confirming activation of the PI3K-Akt pathway, insulin-induced increases in striatal
DAT activity are prevented by PI3K inhibitors [61,64,66,69]. In addition, it has been shown
that inhibiting PI3K alone can decrease Vmax for dopamine uptake into synaptosomes (iso-
lated membrane bound axonal segments containing vesicles and mitochondria) implying
that this pathway tonically regulates DAT activity [61]. However, in studies using striatal
slices, a PI3K inhibitor, LY29002, prevents insulin-mediated increases in dopamine uptake
without altering tonic regulation of DAT function [66]. Notably, although PI3K can be
activated by insulin acting at either InsRs or IGF-1Rs [53], blocking InsRs with HNMPA
occludes the effect of 30 nM insulin on dopamine uptake, whereas blocking IGF-1Rs with
PPP does not [66]. Thus, insulin-induced enhancement of dopamine uptake in the striatum
is mediated by InsRs and the PI3K pathway in dopamine axons (Figure 2).

The enhancing effect of insulin on dopamine uptake would be expected to decrease
evoked [DA]o, as seen in the VTA [37]. However, as described in Section 2, studies using
FSCV detect elevated increases in [DA]o in the presence of insulin [19,69], which reflects
the dominant effect of insulin on increasing ACh-induced dopamine release. When striatal
ACh is absent, as in ChAT-KO mice [50], insulin’s action on dopamine uptake prevails,
revealing a net decrease in evoked [DA]o with insulin application [66]. Given that DAT is
a mediator of the short-term plasticity of dopamine release [73], insulin’s actions on DAT
expression and dopamine uptake will have implications for overall dopamine transmission,
independent of the influence of ChIs on dopamine release.

4. Insulin Inhibits Dopamine Metabolism

In addition to enhancing dopamine release through nAChRs and increasing dopamine
uptake through the DAT, there is evidence that insulin can alter dopamine metabolism [31,74,75].
Key metabolizing enzymes for dopamine are monoamine oxidase enzymes (MAOs), which
may be located in dopamine axons or in astrocytes (see Figure 2). In rodents, MAO mainly
catalyzes the formation of the dopamine metabolite dihydroxyphenylacetic acid (DOPAC).
Samples of striatal extracellular fluid taken using microdialysis in freely moving rats show
a profound and long-lasting decrease in DOPAC levels following a peripheral insulin
injection [74]. Moreover, mice with brain-wide deletion of InsRs have increased MAO
expression in the striatum [75]. Consequently, total area under the curve for single-pulse
evoked [DA]o in the dStr and NAc is lower in striatal slices from mice lacking brain InsRs
than from controls. Although peak amplitude was the same between genotypes, the overall
duration of the release response was shortened [75]. This suggests another route by which
endogenous insulin could enhance [DA]o, through inhibition of dopamine metabolism via
MAO suppression (Figure 2).

5. Insulin Bidirectionally Alters the Excitatory Regulation of Spiny Projection
Neurons (SPNs)

In addition to its effect on ChIs and dopamine axons, insulin also acts at other striatal
neurons including SPNs, thereby influencing overall striatal output. These projection
neurons represent over 95% of the total neuronal population of the striatum, and can be
subdivided into two classes based on expression of dopamine D1 vs. dopamine D2 receptor
subtypes, as well as differential expression of endogenous opioid peptides, and different
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projection targets [76,77]. However, levels of InsR-mRNA appear to be similar in the two
classes of SPNs (Figure 1b). Whole-cell voltage-clamp recordings of electrically evoked
excitatory post-synaptic currents (eEPSCs) from individual SPNs in striatal slices show
that 30 nM insulin increases the amplitude of eEPSCs via activation of InsRs on both D1-
and D2-SPNs within the NAc core. By contrast, insulin concentrations ≥100 nM have
the opposite effect of decreasing eEPSC amplitude through activation of IGF-1Rs [78].
Moreover, IGF-1Rs appear to provide tonic inhibition of SPNs because blocking IGF-1Rs
with PPP alone increases eEPSC amplitude and also enhances the effect of 30 nM insulin.
Analysis of the effect of 30 nM insulin on spontaneous miniature EPSCs (mEPSCs) show an
increase in the frequency of these events, but not the amplitude, as well as a decrease in
paired-pulse-ratio; all are consistent with enhanced excitatory transmission mediated by a
boosting of presynaptic glutamate release. Again, a higher concentration of insulin, 100 nM,
has the opposite effect through activation of IGF-1Rs, suggesting that IGF-1R-mediated
reductions in excitatory transmission are also due to effects on presynaptic glutamate
release [78]. Thus, insulin causes bidirectional effects on SPN excitability through activation
of InsRs and IGF-1Rs. The mechanisms by which insulin modulates SPN activity appears
to involve a feedback microcircuit in which insulin enhances SPN excitability, through
activation of InsRs on SPNs and subsequent release of endogenous opioids, which then
inhibit local GABAergic interneurons leading to disinhibition of presynaptic glutamate
release that ultimately influences striatal output (Figure 3) [78].
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jection neurons (SPNs) in NAc core. 1. Activation of insulin receptors (InsRs) on GABA/opioid
containing SPNs in rat nucleus accumbens (NAc) core increases the release of endogenous opioids.
2. Opioid activation of GABAergic interneurons decreases GABA release onto glutamatergic inputs
from cortex and thalamus. 3. Decreased GABA release from GABAergic interneurons disinhibits
glutamatergic inputs resulting in increased presynaptic glutamate (Glu) release onto dendritic spines
of SPNs. Higher concentrations of insulin act at insulin-like growth factor-1 receptors (IGF-1Rs) to
oppose this process (not shown). Based on [78].

6. Insulin Actions on Striatal Glial Cells

Astrocytes, like other glial cells in the brain (microglia and oligodendrocytes), play
an important role in maintaining homeostasis of the brain microenvironment during all
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stages of life. This is achieved through maintaining the BBB, supplying trophic support to
neurons, regulating local ionic concentrations, mediating synapse formation and function,
pruning synapses during development and signaling across brain regions to modulate
neuronal activity [79–81]. Moreover, astrocytes are instrumental in controlling levels of a
variety of neurotransmitters/neuromodulators, including the key transmitters glutamate
and GABA, as well as releasing these transmitters and other gliotransmitters [82–85].

Brain insulin has been shown to play an important role in regulating systemic glucose
metabolism through astrocytic InsRs in the hypothalamus [85–88]. Moreover, insulin can
act on astrocytes and other glial cells to regulate local cellular metabolism [89]. DropViz
data show that striatal astrocytes express InsR mRNA (Figure 1b). Mice with astrocyte-
specific InsR deletion exhibit a decrease in the peak amplitude of evoked [DA]o in both
dStr and NAc with no change in response duration, or in MAO levels [90]. The mechanism
by which InsRs in astrocytes regulate dopamine release has been proposed to be through
targeting tyrosine phosphorylation of SNARE proteins that enable exocytotic ATP release,
which in turn enhances axonal dopamine release via G-protein coupled P2Y purinergic
receptors (Figure 2) [35,90]. These findings add to the range of mechanisms through which
insulin can alter striatal dopamine signaling.

7. Role of Striatal Insulin in Signaling Food Reward and Regulating Consumption

It is well established that striatal dopamine is essential for feeding [91,92]. This is
clearly demonstrated by the observation that mice that are genetically incapable of synthe-
sizing dopamine do not seek food, and will perish without intervention—even though they
are physically able to consume food presented to them [93]. Although feeding behavior is
essential for survival, it is complex, involving multiple brain regions orchestrating multiple
interrelated components that include food-seeking behavior. These components include as-
sessing the taste and texture (orosensory) and the nutritional value of food, which reinforce
food choice, as well as knowing when to stop eating (satiation) [94,95]. An understanding
of the extent to which striatal insulin influences these various aspects of feeding behavior
is not yet complete; however, clues are emerging.

Functional magnetic resonance imaging (fMRI) in humans shows that intranasal
insulin influences brain activity in regions that mediate reward and motivation, includ-
ing the mesolimbic dopamine projection from the VTA to the NAc [29,96]. As noted in
Sections 2 and 3, insulin’s effect on dopamine release and uptake are greater in the NAc
than in the dStr. The NAc is a key node of the brain reward circuitry and is fundamen-
tally involved in reward-related learning, incentive motivation and hedonic reactivity.
Energy homeostasis is achieved, in part, by peripheral signaling that modulates these
behavioral functions through influence on the inputs, local circuit activity and outputs
of the NAc (e.g., [36,97–100]). Certainly, InsRs and receptor mRNA have been identified
in the NAc, and functional consequences of insulin exposure have been demonstrated
(Figure 1a,b) [13,16,17,19,86,101]. However, the behavioral effects of NAc insulin have been
investigated only recently [19,102–104].

7.1. NAc Shell Insulin Acts as a Reward Signal That Mediates Sensing of Nutrient Value

In the investigation of conditions under which NAc insulin signaling plays a role,
it was shown that oral consumption of a 16% glucose solution by rats increases NAc
InsR phosphorylation (p-Tyr1162/1163), as well as phosphorylation of the downstream
signaling protein, Akt (p-ser473), within seven minutes of initiating consumption [102]. In
a follow-up experiment, the same result was obtained with post-oral glucose delivery by
intragastric infusion (Figure 4a) [102]. This connects insulin signaling in the NAc to the
nutritive value of glucose, rather than its orosensory characteristics.
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Figure 4. Endogenous activation InsRs in NAc shell is required for sensing nutrient value. (a) Phos-
phorylation of insulin receptors (InRs) and Akt in rat nucleus accumbens (NAc) are increased within
seven minutes of intragastric glucose (16%) infusion; modified from [102]. (b) Lick microstructure
analysis during NAc shell insulin antibody (InsAb) microinjection decreases consumption of flavored
6.1% glucose but not of non-nutritive flavored saccharin through a decrease in reward magnitude;
modified from [103]. (c) In a two-bottle flavor preference test, InsAb rats drink less of an infusion-
paired flavor vs. a mock-paired flavor than controls; modified from [19]. In (a–c), n.s. is not significant,
* p < 0.05, ** p < 0.01, *** p < 0.001.

The behavioral function(s) regulated by NAc insulin signaling have been probed
further using two well-established assays: lick microstructural analysis and flavor–nutrient
learning. Experimental inhibition of endogenous insulin signaling in the NAc shell was
achieved by local microinjection of an antibody raised against insulin. Effectiveness of the
insulin antibody to bind and block local endogenous insulin was confirmed by demon-
strating that its microinjection in NAc prevented oral glucose-induced InsR phosphoryla-
tion [102] and, in another assay of insulin function, blocked exogenous insulin-enhanced
dopamine uptake in striatal synaptosomes [19].
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Lick microstructure analysis has been in use for many years in numerous laborato-
ries to evaluate effects of physiological and pharmacological treatments on the separate
functions of hedonic impact and motivation to consume. These functions are reflected in
different distinct parameters of licking behavior [105–108]. Rodent licking occurs in bursts,
which are groups of licks separated by an inter-lick interval of >1 sec. The number of bursts
emitted per unit time is modulated by factors that include food deprivation, gastric filling
and administration of satiety-inducing agents [106,109–111]. Burst size is the number of
licks in a burst, and is modulated by factors that include sugar concentration, contrast
between alternative sugar concentrations and adulteration of sugar solution with bitter qui-
nine [105,112,113]. Consequently, the number of bursts emitted per unit time is considered
to reflect motivation, and the average number of licks per burst to reflect hedonic impact.
Showing a role for insulin in the rat NAc shell, local microinjection of insulin antibody,
with a non-specific IgG as the control, decreased consumption of flavored 6.1% glucose
during a 30 min test session, and did so by markedly decreasing the number of licks per
burst, while having no effect on the total number of bursts emitted (Figure 4b) [103]. This
result indicates a decrease in glucose reward magnitude when insulin signaling is blocked
by insulin antibody, with no effect on motivation to consume. Importantly, when rats were
licking for flavored, non-nutritive 0.25% saccharin, insulin antibody microinjection in NAc
had no effect on total consumption or any individual lick parameter (Figure 4b). Together,
these data indicate that reward based on nutritive value is conveyed, at least in part, by the
insulin surge that accompanies consumption, and depends on insulin signaling in the NAc
shell. It was further observed that when test sessions continued beyond those in which rats
received microinjections of insulin antibody, the decrease in number of licks per burst for
flavored glucose persisted, but was not seen in rats that had received an equal number of
insulin antibody microinjections without concurrent consumption [103]. This suggests that
insulin inactivation caused subjects to associate this flavored glucose solution with low
reward value.

The role of NAc insulin signaling in learning was explicitly investigated in two differ-
ent flavor conditioning protocols. In the first, rats underwent a series of 30 min conditioning
sessions on eight separate days. On the four odd-numbered days, one subset of rats con-
sumed a flavored glucose solution (grape or cherry) preceded by NAc microinjection of
insulin antibody. Another subset of rats received microinjections of control IgG. On the four
even-numbered days, rats received mock microinjections and consumed glucose solution
containing the other flavor. This was followed by a 60 min two-bottle choice test in which
rats could consume unsweetened cherry or grape. Rats that had been micro-injected with
insulin antibody showed a marked preference for the flavor paired with mock microin-
jection. Rats that had been microinjected with IgG showed equal preference for the two
flavors (Figure 4c) [19]. These results provide direct evidence that insulin signaling in NAc
plays a role in reinforcing flavor preference based on associated nutritive value.

In a second flavor conditioning protocol, rats again underwent a series of conditioning
sessions with either grape- or cherry-flavored sweet solutions. However, one flavor was
associated with 6% glucose and the other with, an initially equally preferred, 1% glucose +
0.125% saccharin; the former produced greater NAc InsR phosphorylation than the latter.
In a subsequent two-bottle choice test with unsweetened flavors, rats showed a strong
preference for the flavor paired with 6% glucose. If rats received microinjection of insulin
antibody in the NAc shell prior to sessions with flavored 6% glucose they failed to develop
preference for that solution. In contrast, if rats received microinjection of the control IgG
prior to sessions with flavored 6% glucose there was no interference with acquisition of a
preference for that solution [102].

This collection of behavioral results suggests that insulin’s regulation of the rewarding
impact of a nutritive solution is closely related to, or homologous with, insulin-dependent
reinforcement of flavor preference based on nutritive value. Encoding nutritional value
is reliant on striatal dopamine signaling [114]. Moreover, both the size of lick bursts
in the microstructure assay, and reinforcement of flavor–nutrient learning are known to
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depend on dopamine transmission via dopamine D1Rs in the NAc [115–118]. Interestingly,
striatal ACh release in the NAc has been shown to increase towards the end of a feeding
bout [119,120]. One would predict that insulin-regulated nAChR-dependent stimulation
of dopamine release, shown in striatal slices, underlies these behavioral effects. The
involvement of ACh release from ChIs and activation of nAChRs in the behavioral findings
has yet to be explored.

7.2. NAc Core Insulin Decreases Feeding by Impairing Motivation for Consumption

As noted in Section 1, insulin’s actions in the hypothalamus play an important role
in signaling satiation/satiety. In addition, the lateral hypothalamus, VTA and other brain
regions and circuits have been implicated in regulating the motivational aspects of home-
ostatic and hedonic food intake [95,121]. For example, microinjections of insulin in the
VTA can decrease hedonic feeding and preference for cues associated with food reward
without decreasing effort to obtain food [34,37,38]. Recent data show that microinfusion of
insulin into the NAc core decreases food intake, even in hungry rats, but unlike the result
of VTA insulin infusions, NAc core insulin impairs the motivation to work for food without
altering motivational responses to food cues [104]. These data, along with those showing
insulin’s role in the NAc shell in reinforcing nutritive value and regulating hedonic im-
pact without influencing motivation to consume [102,103], highlight how the relationships
among insulin’s actions in the striatum, responses to food and its cues, motivation to feed,
food choice, consumption and satiety are complex and nuanced. Current thinking is that
this complexity arises largely from the recruitment of different microcircuits by insulin’s
actions in striatal subregions acting over a range of time frames in coordination with wider
neural networks.

7.3. Human Imaging Studies Support a Link between Striatal Insulin and Dopamine Signaling in
Food Consumption

Early studies in rats showed that administration of insulin into the CSF initially
increases dopamine release in the NAc but then decreases it after 30 min [122] and that
activation of NAc InsRs approximately 10 min after initiation of intake, as seen in our own
studies [102], corresponds to the near-peak of a meal-induced insulin surge [123]. In a more
recent study in humans that combined fMRI with continuous PET imaging of dopamine
receptor occupancy at 5 min intervals, Thanarajah and colleagues showed that striatal
dopamine increases in two phases following ingestion of a highly palatable milkshake [124].
Each of these phases involves distinct neural circuits, with an initial increase in dopamine
in the NAc immediately after intake, whereas a second delayed phase showed increased
dopamine release in the dStr approximately 15 min after feeding onset. Increases in dStr
dopamine have been previously correlated with meal pleasantness, as well as nutritional
value of sugar [125,126]. Interestingly, individuals in the recent imaging study who had a
strong dopamine release response in the first phase related to the orosensory rewarding
properties of the milkshake had a weaker post-ingestion response and vice versa [124]. In
another recent study using a combination of fMRI and PET imaging of dopamine receptor
occupancy, tonic (basal) dopamine levels in the striatum of healthy fasted males were
lower at time frames mimicking postprandial phase 15 and 30 min after intranasal insulin
administration, with high responders correlating with better increases in mesocorticolimbic
functional connectivity [96].

Although these findings seem at odds with the other results just discussed, it should
be noted that differences likely reflect differences in the timeframe of measurements taken
after food intake or intranasal administration. It has been postulated that during a feeding
bout, there is an immediate increase in brain insulin. This insulin surge could activate
InsRs on NAc ChIs (within 10 min) to enhance striatal dopamine release to communicate
the nutritional value of the meal and shortly after enhance dopamine release in the dStr.
However, insulin actions with prolonged feeding (~30 min) engage satiety systems includ-
ing in the hypothalamus and VTA dopamine neurons to decrease striatal dopamine release
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and limit food cravings and further food intake [33,34]. Thus, insulin may act as both a
reward signal and a negative-feedback signal in motivated feeding.

8. Dysregulated Striatal Insulin Signaling with Diet

Through actions in the striatum, hypothalamus, VTA and other brain regions, insulin
can influence decisions on what, when and how much we eat. The ability of insulin to
signal in the brain, however, can be altered by diet. It is well established that consuming too
little or too much can have negative consequences on health; as is the case with addiction
to drugs, aberrant eating patterns can develop into behavioral cycles that are difficult to
break. Evidence suggests that chronic alterations in diet can have profound effects on
the reward-related circuitry of the brain; brain reward thresholds are lowered by food
restriction and elevated by obesity [100,127–133]. Increasing evidence indicates that the
sensitivity of insulin signaling in the brain follows a similar pattern with chronic changes
in diet.

In rodents, as in humans, circulating plasma insulin levels follow body
weight [10,19,102,134]. It is well known that chronically elevated plasma insulin seen
in obesity and type 2 diabetes can result in peripheral insulin resistance. Importantly,
insulin resistance occurs in the brain, as well [32,134]. Studies in rodent striatum have
shed light on this process through examination of InsR sensitivity and downstream sig-
naling pathways resulting from chronic alterations in feeding state. The effect of insulin
on striatal dopamine release and uptake was examined in rats fed three different diets:
a food-restricted diet to lower body weight to 80% of its initial value; an energy dense
high-fat-high-sugar (HF-HS) obesogenic diet with free access to a chocolate-flavored liq-
uid (Ensure), along with chow and water; and a control ad libitum diet of chow and
water [19,65,66,102]. In these studies, consequences of the obesogenic diet were examined
in a pre-diabetic stage, in which glucose tolerance was unaltered.

In slices obtained from rats on the control diet, the half-maximal insulin concentration
(EC50) for enhancing striatal dopamine release was 2–12 nM, which is within the expected
nM range of insulin elevation following feeding (e.g., [2]). However, the EC50 for insulin-
enhanced dopamine release in slices obtained from rats on the food restricted diet was
~10-fold lower, such that sub-nM insulin, which has no effect in control ad libitum fed rats,
is sufficient to amplify dopamine release. This implies supersensitive InsR signaling in
the brain when circulating insulin levels are chronically low. Conversely, the influence of
insulin on dopamine release is lost in rats on a HF-HS diet [19], consistent with peripheral
and central insulin resistance seen in human obesity [32,134]. Mirroring the influence of
diet on insulin-enhanced dopamine release, the enhancing effect of insulin on dopamine
uptake in striatal synaptosomes and slices is more pronounced in tissue from food restricted
vs. ad libitum fed rats and is blunted in rats on a HF-HS diet [65,66].

It should be noted that InsR signaling in response to intragastric glucose is also diet
sensitive. Chronic food restriction, accompanied by low basal circulating levels of insulin,
increases glucose-induced InsR phosphorylation in the NAc, whereas maintenance on a
HF-HS diet (chocolate Ensure), accompanied by high basal circulating levels of insulin,
eliminates glucose-induced InsR phosphorylation [65]. These observations support the
notion that diet-regulated levels of brain insulin set the tone for acute InsR-pathway-
mediated signaling.

Is striatal insulin insensitivity with obesogenic diets a consequence of the high fat,
high sugar, or both? High fat is certainly a crucial component, given that the enhancing
effect of insulin on dopamine release and uptake in mouse striatal slices is also lost with
a diet high in fat only [69]. Moreover, InsR-mediated signaling is disrupted in SPNs
of obese male rats fed high-fat pellets, resulting in a loss of insulin’s ability to increase
excitatory glutamatergic transmission in the NAc core through a decrease in InsR surface
expression. At the same time, opposing influences on glutamatergic transmission mediated
via IGF-1Rs are preserved [78]. Overall, these data suggest that high circulating levels of
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insulin (and/or other adiposity hormones, like leptin) in obesity can lead to striatal InsR
insensitivity, independent of the caloric source used to induce obesity.

Dynamic diet-dependent changes in InsR signaling could have profound behavioral
consequences as well. For example, food restricted and ad libitum fed rats acquire prefer-
ence for an unsweetened flavor paired with 6% glucose, over 1% glucose + 0.125% saccharin,
while rats maintained on the HF-HS diet that blocks glucose-induced InsR phosphorylation,
do not [65]. The behavioral consequences of disabling insulin’s role in regulating the
rewarding impact of a nutritive solution, with a HF-HS diet and subsequent hyperinsu-
linemia and InsR-subsensitivity in the NAc, has yet to be fully explored. However, it is
likely that this would drive consumption of higher than ‘normal’ sugar concentrations to
achieve a rewarding effect, reinforcing new food choices that are more calorically dense,
and leading to increased risk or exacerbation of obesity, and eventually, type 2 diabetes.
Similarly, behavioral consequences of hypoinsulinemia and supersensitive InsR signaling
with FR might contribute to the aberrant eating behaviors associated with anorexia.

The conclusion of a study in human subjects that combined intranasal insulin ad-
ministration, hyperinsulinemic-euglycemic clamp and fMRI was that insulin signaling in
the striatum works together with that in the hypothalamus to control peripheral glucose
homeostasis [135]. Paralleling peripheral insulin resistance, striatal and hypothalamic ac-
tivities monitored with fMRI in obese subjects were unresponsive to insulin in this protocol.
Unlike the short latency responses to insulin shown in our studies, this regulatory effect of
striatal insulin exposure emerged with a latency of approximately two hours after insulin
administration. Moreover, the caudate nucleus (the dStr in rodents), rather than the NAc,
was the striatal subregion implicated and dopamine involvement was not established.
Whether differences in the feedback to the brain from periphery, as regulated by striatal
insulin sensitivity, interacts with mechanisms described for flavor–nutrient learning and
hedonic reactivity is a question of interest for future research.

9. Dysregulated Striatal Insulin Signaling in Anxiety and Depression

Given that dopamine can influence a broad range of brain functions including mood
and cognition, it is not surprising that dysfunction of striatal InsRs signaling can contribute
to negative mental states. Mice with brain-wide knockout of InsRs show increasing signs
of depressive-like behavior in the forced swim and tail suspension tests as they age, as well
as increased signs of anxiety in other behavioral tests [75]. Implicating elevated dopamine
metabolism in the mice from elevated MAO activity, treatment with antidepressant MAO
inhibitors such as phenelzine, reverses depressive-like behaviors [75]. However, mice with
selective deletion of InsRs in dopamine neurons show no changes in the forced swim test,
elevated maze test or in sucrose preference, indicating no change in depressive or anxiety-
related behavior [136]. Remarkably, mice with selective deletion of InsRs in astrocytes
either from birth or in adulthood do display depressive-like and anxiety-like behaviors,
including decreased sucrose preference [90]. Moreover, selective deletion of astrocytic
InsRs in NAc, but not in medial prefrontal cortex, implicate the NAc in insulin-dependent
mood control. As discussed in Section 6, loss of InsR signaling in astrocytes decreases
ATP release from astrocytes and decreases striatal dopamine release. A causal role for
impaired ATP and dopamine release in the anxiety and depressive phenotypes seen in the
inducible astrocyte-specific InsR-KO mouse line was demonstrated by rescue of behavioral
deficits by systemic administration of a selective P2Y ATP receptor agonist or a selective
dopamine D2/D3 dopamine receptor agonist, but not a selective agonist for serotonin
5-HT1A receptors [90]. Thus, InsRs on striatal astrocytes play a key role in the regulation
of mood by insulin, which could contribute to increased susceptibility to depression in
insulin-resistant conditions.

10. Dysregulated Striatal Insulin Signaling with Age and Age-Related Disorders

InsR expression and function is known to decrease with age in multiple brain re-
gions [137–139]. Thus, dysregulation of insulin signaling may contribute to age-related
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disorders. Given the role of the striatum and striatal dopamine in motor behavior, it is not
surprising that impairment in striatal insulin signaling may influence movement-related
functions, particularly in older adults in which the number of dopamine cells and striatal
dopaminergic function is also diminished. Interestingly, diabetes is a risk factor for changes
in gait that result in age-related falls [140–143]. Although young mice with InsRs selectively
ablated in dopamine neurons show no change in locomotor activity in an open field [136],
a role for InsR resistance in dopamine neurons, dopamine axons or other striatal cells in
gait changes or other motor deficits with age has yet to be explored.

There is also increasing evidence that brain insulin resistance plays a role in age-related
neurodegenerative disorders such as Parkinson’s disease (PD) and Alzheimer’s disease
(AD) [144–147]. Indeed, epidemiological studies reveal an association between type 2
diabetes and increased risk of developing PD [147–149]; a movement disorder caused by
an additional decline in the normal age-related progressive loss of midbrain dopamine
neurons that consequently leads to depletion of dopamine in the striatum and severe
motor deficits. Moreover, PD pathology and symptoms appear faster and with increased
severity in this group of individuals. Animal studies also add weight to this body of
evidence. In mouse models of type 2 diabetes or rats with insulin resistance induced by a
high fat diet, dopamine neurons exhibit enhanced vulnerability to PD-related neurotoxins
including 6-OH-DA and MPTP [150,151]. Moreover, insulin resistant mice overexpressing
the PED/PEA-15 protein exhibit metabolic changes in the striatum as well as decreased
striatal TH expression and dopamine content, and develop PD-like motor deficits [152].
The mechanisms involved are still being elucidated, but point to the notion that normal
insulin signaling contributes to the neuroprotection of dopamine cells; activating PI3K-Akt
signaling cascades via InsRs and IGF-1Rs inhibits cell death, regulates alpha-synuclein
expression and aggregation, modulates autophagy and regulates mitochondrial function
and inflammation [146,147]. On the other hand, PD can increase vulnerability to insulin
resistance both in human patients and in animal models of PD [153]. Implicating a role for
InsR dysfunction in rat striatum, InsR substrate 2 phosphorylation at serine residues, an
indicator of insulin resistance, is enhanced in the 6-OH-DA model of PD [154].

Additionally, a common non-motor symptom of PD is cognitive impairment, which
is reported to be higher in PD patients with diabetes than those without [155]. Moreover,
insulin resistance is greater in PD patients with dementia even without diabetes [146,155].
Although impaired cognition is likely to stem from brain structures such as the hippocam-
pus and cortex, the striatum and striatal dopamine also play an important role in cog-
nition, and thus dysfunctional insulin signaling in the striatum could be a contributing
factor [156,157]. Similarly, there is a higher risk of developing AD in those with type 2 dia-
betes, and conversely, higher insulin resistance in people with AD [145,158,159]. However,
whether disruption of striatal insulin signaling plays a role in the symptoms or pathology
of AD is unknown.

11. Targeting Insulin Actions in the Striatum for Therapeutic Gain

It is clear that the actions of insulin in the striatum play a significant role in ingestive
behavior, both in terms of regulating food intake, and as a reward signal to develop
nutrient-based food preferences. In addition, striatal insulin influences emotional and
cognitive behavior which could also impact ingestive behavior and vice versa. Moreover,
striatal insulin could affect motor behavior. Alteration of insulin signaling involved in
mental state, as discussed in Section 9, or in aging and neurodegenerative disorders, as
discussed in Section 10, would be expected to be a slow, long-term process, adding nuance
to the shorter term activation of striatal neuron activity and dopamine release expected to
accompany transient increases in insulin around consumption of a meal. Yet, much remains
to be learned about the influence of insulin on striatal motor and motivational systems
through its actions on dopamine release and uptake, neuron activity and on astrocytes.
Dysregulation of each of these insulin targets could contribute to maladaptive conditions,
including eating disorders, as well as in disorders involving depression, anxiety or cognitive
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or motor dysfunction. Thus, each target of insulin in the striatum provides a potential
avenue for therapeutic intervention.

For example, loss of insulin sensitivity on DAT function in rodents on a high-fat diet is
caused by impaired efficacy of downstream InsR substrates, rather than a lower number
of InsRs; this InsR insensitivity can be reversed by inhibiting tyrosine phosphatase 1B,
which preserves phosphorylation at tyrosine residues on InsR substrates [69]. Similarly,
restoring phosphorylation of downstream Akt selectively in dopamine neurons by striatal
viral injection rescues downregulation of DAT surface expression and function [160]. Thus,
targeting intracellular signaling components to restore striatal InsR signaling in conditions
that promote insulin resistance could be therapeutically beneficial.

Previous studies highlight the role of striatal ChIs and activation of nAChRs on
dopamine axons in insulin’s ability to increase dynamic dopamine release in striatal
slices [19]. This striatal microcircuit also indicates potential targets for therapeutic in-
tervention in eating disorders. In support of this, reinforcement of flavor–nutrient learning
and the size of lick bursts that provide an index of food liking are both dopamine-dependent
processes, so that targeting ChIs or nAChR regulation of dopamine release could be ex-
plored. Intriguingly, it was reported recently that the adiposity hormone, leptin, also
increases the excitability of ChIs and amplifies striatal dopamine release via nAChRs, albeit
with the opposite efficacy among striatal subregions seen with insulin, with a greater effect
in the dStr than in the NAc [161]. Leptin and insulin engage common signaling elements,
including the PI3K pathway. When applied concurrently to mouse striatal slices, the effect
of insulin plus leptin on evoked [DA]o is not additive, suggesting the elevated leptin levels
that accompany obesity might also contribute to the loss of brain InsR sensitivity in this
state [161]. Further examination of leptin–insulin interactions could provide mechanistic
insight into the influence of diet on the signaling of both metabolic hormones.

The potentially influential role of insulin in modulating mood and cognition may
be a contributing factor in the higher rates of depression and cognitive decline seen in
individuals with obesity and diabetes [31,32,162]. Conversely, individuals with depression
have a higher risk of overeating and developing type 2 diabetes [163]. Thus, exploring
whether treating one condition (obesity or depression) will improve the trajectory of the
other is of interest [164–166]. For example, aerobic exercise is often recommended to
combat obesity and depression although the underlying mechanisms for such benefits
are largely unknown. Animal studies show that aerobic exercise increases dopamine
release throughout the striatum [167] and restores deficits in dopamine release and insulin
signaling via Akt in the NAc in obese rats on a high-fat diet [168]. Further studies linking
the impact of exercise and insulin signaling could reveal novel signaling molecules and
pathways in the brain that could be of clinical relevance. Similarly, exploiting the underlying
mechanisms involved in insulin actions on striatal astrocytes in anxiety, i.e., by regulating
ATP release, activation of PY2 receptors and dopamine transmission, could be explored as
well [90].

Another example of how treating one condition may improve the trajectory of the
other comes from the observation that there is a lower incidence of PD in those with type 2
diabetes treated with antidiabetic drugs [146,169]. Moreover, animal models of PD and
individuals with PD taking antidiabetics show some protection of dopaminergic neurons
and improved motor function [147]. Thus, targeting insulin signaling by repurposing
current medications as well as developing new ones to manage PD progression is of current
interest [147,153,170,171]. However, establishing whether striatal insulin and its striatal
targets plays a role in any beneficial effects awaits future studies.

In humans, insulin is detectable in the CSF within an hour of intranasal adminis-
tration [172] and can improve mood and memory and lower body weight in healthy
individuals [173,174]. Given that intranasal insulin bypasses the BBB to enter the brain
with negligible systemic consequences, there has been much interest in the use of intranasal
insulin to treat individuals with cognitive decline, obesity/type 2 diabetes and mood
disorders [174,175]. However, the involvement of the striatum in the effects of intranasal
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insulin actions are only just beginning to be appreciated. As mentioned in Section 7.3,
fMRI studies show that intranasal insulin administration in humans does influence striatal
function [29,96]. Specifically, in individuals with normal fasting insulin levels, images
of food-related items (food-cues) are preferred over images of non-food items (non-food
cues) and increase activity in metabolic and reward-related brain regions under control
conditions. In particular, the NAc is specifically activated during food–value encoding (i.e.,
palatability). Intranasal insulin administration in these individuals decreases preference rat-
ings for food cues and suppresses food-value signals by decreasing the functional strength
of VTA-to-NAc connections in fMRI scans. This reveals an important role of insulin action
in mesolimbic pathways for the processing of food value and salience in the human brain,
which might prevent the overeating of palatable food even in an environment with an
abundance of food cues. However, this is not the case in individuals with non-diabetic
insulin-resistance. Under control conditions, these individuals have impaired food val-
uation and a lack of activation in the NAc with food cues in fMRI scans. Remarkably,
however, the food-specific valuation signal in the NAc was found to increase in response to
intranasal insulin and was close to those seen in the normal insulin-sensitivity group under
control conditions [29]. Thus, intranasal insulin may be beneficial in modifying aberrant
eating behavior in these individuals.

Intranasal delivery of insulin can also improve the motivation to move in a rat model of
aging [143]. Moreover, in the 6-OHDA rodent model of PD, intranasal insulin is associated
with reduced dopamine cell death as well as improved dopamine function and motor
performance [176–178]. Given the importance of the striatum in the control of motor
behavior and motivation to move, harnessing the impact of insulin signaling in the striatum
might be a therapeutic approach for the treatment of impaired motor activity and cognition
in normal aging, as well as in PD.

12. Conclusions

It is clear that insulin’s actions in the striatum are multifaceted in terms of the striatal
elements involved and which insulin-sensitive receptors mediate the effects. Insulin can
boost dopamine release indirectly through actions at InsRs on ChIs and astrocytes, with
slower regulation by inhibiting dopamine metabolism by MAO. In addition, insulin actions
on SPNs that engage local striatal microcircuits can have a direct influence on striatal and
basal ganglia output. At present, information about the behavioral impact of striatal insulin
signaling is limited. However, recent studies of the influence of insulin on striatal cells and
circuits, as well as on striatal-mediated behaviors in rodents and humans show that insulin
can influence both dopamine release and striatal output. Together, these findings show that
insulin can act as a reward signal in the brain, providing a new dimension to the established
roles of insulin in signaling satiety and energy homeostasis via the hypothalamus. A role
for insulin as a reward signal might seem at odds with its role as a satiation/satiety signal;
however, these roles are complementary, not contradictory. Indeed, insulin not only signals
when to end a meal, but also to establish a memory of its nutritive value that reinforces
repetition of the behavior. Other studies suggest the involvement of insulin in decreasing
food intake through decreased motivation and reveal an important role of striatal insulin
in maintaining mood and motor behavior. One final point is that many rodent and human
studies have been conducted in males. Given that males and females can exhibit differences
in feeding behavior, and are differentially susceptible to eating disorders and to anxiety-
related illness, the need for future studies to examine roles of insulin in both sexes cannot
be overemphasized. This is essential to provide mechanistic insight into the roles of insulin
in normal brain function, as well as to lay groundwork for harnessing targets of insulin for
therapeutic gain when these processes go awry.

Author Contributions: Conceptualization, J.C.P. and M.E.R.; writing—original draft preparation,
J.C.P. and K.D.C.; writing-review and editing, J.C.P., K.D.C. and M.E.R.; figures, J.C.P. All authors
have read and agreed to the published version of the manuscript.



Biomolecules 2023, 13, 518 17 of 23

Funding: Supported by NIH grant DA050165 from NIDA/NIH (M.E.R and K.D.C) and the Attilio
and Olympia Ricciardi Research Fund (M.E.R. and J.C.P.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dagen, M.M. History of Insulin. In Encyclopedia of Life Sciences (eLS); John Wiley & Sons, Ltd.: Chichester, UK, 2016.
2. Banks, W.A. The source of cerebral insulin. Eur. J. Pharmacol. 2004, 490, 5–12. [CrossRef] [PubMed]
3. Banks, W.A.; Owen, J.B.; Erickson, M.A. Insulin in the brain: There and back again. Pharmacol. Ther. 2012, 136, 82–93. [CrossRef]

[PubMed]
4. Gray, S.M.; Barrett, E.J. Insulin transport into the brain. Am. J. Physiol. Cell. Physiol. 2018, 315, C125–C136. [CrossRef] [PubMed]
5. Nakabeppu, Y. Origins of brain insulin and its function. In Advances in Experimental Medicine and Biology; Springer: New York, NY,

USA, 2019; pp. 1–11.
6. Mazucanti, C.H.; Liu, Q.R.; Lang, D.; Huang, N.; O’Connell, J.F.; Camandola, S.; Egan, J.M. Release of insulin produced by the

choroid plexis is regulated by serotonergic signaling. JCI Insight 2019, 4, e131682. [CrossRef] [PubMed]
7. Molnár, G.; Faragó, N.; Kocsis, Á.K.; Rózsa, M.; Lovas, S.; Boldog, E.; Báldi, R.; Csajbók, É.; Gardi, J.; Puskás, L.G.; et al. GABAergic

neurogliaform cells represent local sources of insulin in the cerebral cortex. J. Neurosci. 2014, 34, 1133–1137. [CrossRef]
8. Csajbók, É.A.; Kocsis, Á.K.; Faragó, N.; Furdan, S.; Kovács, B.; Lovas, S.; Molnár, G.; Likó, I.; Zvara, Á.; Puskás, L.G.; et al.

Expression of GLP-1 receptors in insulin-containing interneurons of rat cerebral cortex. Diabetologia 2019, 62, 717–725. [CrossRef]
[PubMed]

9. Pitt, J.; Wilcox, K.C.; Tortelli, V.; Diniz, L.P.; Oliveira, M.S.; Dobbins, C.; Yu, X.W.; Nandamuri, S.; Gomes, F.C.A.; DiNunno, N.;
et al. Neuroprotective astrocyte-derived insulin/insulin-like growth factor 1 stimulates endocytic processing and extracellular
release of neuron-bound Aβ oligomers. Mol. Biol. Cell 2017, 28, 2623–2636. [CrossRef]

10. Strubbe, J.H.; Porte, D., Jr.; Woods, S.C. Insulin responses and glucose levels in plasma and cerebrospinal fluid during fasting and
refeeding in the rat. Physiol. Behav. 1988, 44, 205–208. [CrossRef] [PubMed]

11. Banks, W.A.; Kastin, A.J. Differential permeability of the blood-brain barrier to two pancreatic peptides: Insulin and amylin.
Peptides 1998, 19, 883–889. [CrossRef]

12. Havrankova, J.; Schmechel, D.; Roth, J.; Brownstein, M. Identification of insulin in rat brain. Proc. Natl. Acad. Sci. USA 1978, 75,
5737–5741. [CrossRef]

13. Woods, S.C.; Seeley, R.J.; Baskin, D.G.; Schwartz, M.W. Insulin and the blood brain barrier. Curr. Pharm. Des. 2003, 9, 795–800.
[CrossRef]

14. Havrankova, J.; Roth, J.; Brownstein, M. Insulin receptors are widely distributed in the central nervous system of the rat. Nature
1978, 272, 827–829. [CrossRef] [PubMed]

15. Hill, J.M.; Lesniak, M.A.; Pert, C.B.; Roth, J. Autoradiographic localization of insulin receptors in rat brain: Prominence in
olfactory and limbic areas. Neuroscience 1986, 17, 1127–1138. [CrossRef] [PubMed]

16. Werther, G.A.; Hogg, A.; Oldfield, B.J.; McKinley, M.J.; Figdor, R.; Allen, A.M.; Mendelsohn, F.A. Localization and characterization
of insulin receptors in rat brain and pituitary gland using in vitro autoradiography and computerized densitometry. Endocrinology
1987, 121, 1562–1570. [CrossRef]

17. Schulingkamp, R.J.; Pagano, T.C.; Hung, D.; Raffa, R.B. Insulin receptors and insulin action in the brain: Review and clinical
implications, Neurosci. Biobehav. Rev. 2000, 24, 855–872. [CrossRef] [PubMed]

18. Figlewicz, D.P.; Evans, S.B.; Murphy, J.; Hoen, M.; Baskin, D.G. Expression of receptors for insulin and leptin in ventral tegmental
area/substantia nigra (VTA/SN) of the rat. Brain Res. 2003, 964, 107–115. [CrossRef]

19. Stouffer, M.A.; Woods, C.A.; Patel, J.C.; Lee, C.R.; Witkovsky, P.; Bao, L.; Machold, R.P.; Jones, K.T.; de Vaca, S.C.; Reith, M.E.; et al.
Insulin enhances striatal dopamine release by activating cholinergic interneurons and thereby signals reward. Nat. Commun.
2015, 6, 8543. [CrossRef] [PubMed]

20. Figlewicz, D.P. Expression of receptors for insulin and leptin in the ventral tegmental area/substantia nigra (VTA/SN) of the rat:
Historical perspective. Brain Res. 2016, 1645, 68–70. [CrossRef]

21. Bondy, C.A.; Cheng, C.M. Signaling by insulin-like growth factor 1 in brain. Eur. J. Pharmacol. 2004, 490, 25–31. [CrossRef]
22. Vigneri, R.; Squatrito, S.; Sciacca, L. Insulin and its analogs: Actions via insulin and IGF receptors. Acta. Diabetol. 2010, 47,

271–278. [CrossRef]
23. Bevan, P. Insulin signalling. J. Cell Sci. 2001, 114, 1429–1430. [CrossRef] [PubMed]
24. Taniguchi, C.M.; Emanuelli, B.; Kahn, C.R. Critical nodes in signalling pathways: Insights into insulin action. Nat. Rev. Mol. Cell

Biol. 2006, 7, 85–96. [CrossRef] [PubMed]
25. Boucher, J.; Tseng, Y.H.; Kahn, C.R. Insulin and insulin-like growth factor-1 receptors act as ligand-specific amplitude modulators

of a common pathway regulating gene transcription. J. Biol. Chem. 2010, 285, 17235–17245. [CrossRef]

http://doi.org/10.1016/j.ejphar.2004.02.040
http://www.ncbi.nlm.nih.gov/pubmed/15094069
http://doi.org/10.1016/j.pharmthera.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22820012
http://doi.org/10.1152/ajpcell.00240.2017
http://www.ncbi.nlm.nih.gov/pubmed/29847142
http://doi.org/10.1172/jci.insight.131682
http://www.ncbi.nlm.nih.gov/pubmed/31647782
http://doi.org/10.1523/JNEUROSCI.4082-13.2014
http://doi.org/10.1007/s00125-018-4803-z
http://www.ncbi.nlm.nih.gov/pubmed/30637442
http://doi.org/10.1091/mbc.e17-06-0416
http://doi.org/10.1016/0031-9384(88)90139-4
http://www.ncbi.nlm.nih.gov/pubmed/3070584
http://doi.org/10.1016/S0196-9781(98)00018-7
http://doi.org/10.1073/pnas.75.11.5737
http://doi.org/10.2174/1381612033455323
http://doi.org/10.1038/272827a0
http://www.ncbi.nlm.nih.gov/pubmed/205798
http://doi.org/10.1016/0306-4522(86)90082-5
http://www.ncbi.nlm.nih.gov/pubmed/3520377
http://doi.org/10.1210/endo-121-4-1562
http://doi.org/10.1016/S0149-7634(00)00040-3
http://www.ncbi.nlm.nih.gov/pubmed/11118610
http://doi.org/10.1016/S0006-8993(02)04087-8
http://doi.org/10.1038/ncomms9543
http://www.ncbi.nlm.nih.gov/pubmed/26503322
http://doi.org/10.1016/j.brainres.2015.12.041
http://doi.org/10.1016/j.ejphar.2004.02.042
http://doi.org/10.1007/s00592-010-0215-3
http://doi.org/10.1242/jcs.114.8.1429
http://www.ncbi.nlm.nih.gov/pubmed/11282018
http://doi.org/10.1038/nrm1837
http://www.ncbi.nlm.nih.gov/pubmed/16493415
http://doi.org/10.1074/jbc.M110.118620


Biomolecules 2023, 13, 518 18 of 23

26. Siddle, K. Signalling by insulin and IGF receptors: Supporting acts and new players. J. Mol. Endocrinol. 2011, 47, R1–R10.
[CrossRef]

27. Schwartz, M.W.; Woods, S.C.; Porte, D., Jr.; Seeley, R.J.; Baskin, D. Central nervous system control of food intake. Nature 2000, 404,
661–671. [CrossRef]

28. Bellisle, F.; Drewnowski, A.; Anderson, G.H.; Westerterp-Plantenga, M.; Martin, C.K. Sweetness, satiation, and satiety. J. Nutr.
2012, 142, 1149S–1154S. [CrossRef]

29. Tiedemann, L.J.; Schmid, S.M.; Hettel, J.; Giesen, K.; Francke, P.; Büchel, C.; Brassen, S. Central insulin modulates food valuation
via mesolimbic pathways. Nat. Commun. 2017, 8, 16052. [CrossRef]

30. Ferrario, C.R.; Reagan, L.P. Insulin-mediated synaptic plasticity in the CNS: Anatomical, functional and temporal contexts.
Neuropharmacology 2018, 136, 182–191. [CrossRef] [PubMed]

31. Kleinridders, A.; Pothos, E.N. Impact of brain insulin signaling on dopamine function, food intake, reward, and emotional
behavior. Curr. Nutr. Rep. 2019, 8, 83–91. [CrossRef]

32. Kullmann, S.; Heni, M.; Hallschmid, M.; Fritsche, A.; Preissl, H.; Häring, H.U. Brain insulin resistance at the crossroads of
metabolic and cognitive disorders in humans. Physiol. Rev. 2016, 96, 1169–1209. [CrossRef]

33. Kullmann, S.; Kleinridders, A.; Small, D.M.; Fritsche, A.; Häring, H.U.; Preissl, H.; Heni, M. Central nervous pathways of insulin
action in the control of metabolism and food intake. Lancet Diabetes Endocrinol. 2020, 8, 524–534. [CrossRef] [PubMed]

34. Sallam, N.A.; Borgland, S.L. Insulin and endocannabinoids in the mesolimbic system. J. Neuroendocrinol. 2021, 33, e12965.
[CrossRef] [PubMed]

35. Chen, W.; Cai, W.; Hoover, B.; Kahn, C.R. Insulin action in the brain: Cell types, circuits and diseases. Trends Neurosci. 2022, 45,
384–400. [CrossRef] [PubMed]

36. Ferrario, C.R.; Finnell, J.E. Beyond the hypothalamus: Roles for insulin as a regulator of neurotransmission, motivation, and
feeding. Neuropsychopharmacology 2023, 48, 232–233. [CrossRef]

37. Mebel, D.M.; Wong, J.C.; Dong, Y.J.; Borgland, S.L. Insulin in the ventral tegmental area reduces hedonic feeding and suppresses
dopamine concentration via increased reuptake. Eur. J. Neurosci. 2012, 36, 2336–2346. [CrossRef] [PubMed]

38. Labouébe, G.; Liu, S.; Dias, C.; Zou, H.; Wong, J.C.; Karunakaran, S.; Clee, S.M.; Phillips, A.G.; Boutrel, B.; Borgland, S.L. Insulin
induces long-term depression of ventral tegmental area dopamine neurons via endocannabinoids. Nat. Neurosci. 2013, 16,
300–308. [CrossRef]

39. Naef, L.; Seabrook, L.; Hsiao, J.; Li, C.; Borgland, S.L. Insulin in the ventral tegmental area reduces cocaine-evoked dopamine in
the nucleus accumbens in vivo. Eur. J. Neurosci. 2019, 50, 2146–2155. [CrossRef] [PubMed]

40. Cachope, R.; Mateo, Y.; Mathur, B.N.; Irving, J.; Wang, H.L.; Morales, M.; Lovinger, D.M.; Cheer, J.F. Selective activation of
cholinergic interneurons enhances accumbal phasic dopamine release: Setting the tone for reward processing. Cell Rep. 2012, 2,
33–41. [CrossRef] [PubMed]

41. Threlfell, S.; Lalic, T.; Platt, N.J.; Jennings, K.A.; Deisseroth, K.; Cragg, S.J. Striatal dopamine release is triggered by synchronized
activity in cholinergic interneurons. Neuron 2012, 75, 58–64. [CrossRef] [PubMed]

42. Liu, C.; Cai, X.; Ritzau-Jost, A.; Kramer, P.; Li, Y.; Khaliq, Z.M.; Hallermann, S.; Kaeser, P.S. An action potential intiation mechanism
in distal axons for the control of dopamine release. Science 2022, 375, 1378–1385. [CrossRef]

43. Kramer, P.F.; Brill-Weil, S.G.; Cummins, A.C.; Zhang, R.; Camacho-Hernandez, G.A.; Newman, A.H.; Eldridge, M.A.G.; Averbeck,
B.B.; Khaliq, Z.M. Synaptic-like axo-axonal transmission from striatal cholinergic interneurons onto dopaminergic fibers. Neuron
2022, 18, 2949–2960. [CrossRef]

44. Saunders, A.; Macosko, E.Z.; Wysoker, A.; Goldman, M.; Krienen, F.M.; de Rivera, H.; Bein, E.; Baum, M.; Bortolin, L.; Wang, S.;
et al. Molecular diversity and specializations among the cells of the adult mouse brain. Cell 2018, 174, 1015–1030. [CrossRef]

45. Sanchez, G.; Rodriguez, M.J.; Pomata, P.; Rela, L.; Murer, M.G. Reduction of an afterhyperpolarization current increases excitability
in striatal cholinergic interneurons in rat parkinsonism. J. Neurosci. 2011, 31, 6553–6564. [CrossRef] [PubMed]

46. Bennett, B.D.; Callaway, J.C.; Wilson, C.J. Intrinsic membrane properties underlying spontaneous tonic firing in neostriatal
cholinergic interneurons. J. Neurosci. 2000, 20, 8493–8503. [CrossRef] [PubMed]

47. Patel, J.C.; Rice, M.E. Monitoring axonal and somatodendritic dopamine release using fast-scan cyclic voltammetry in brain slices.
Methods Mol. Biol. 2013, 96, 243–273.

48. Patel, J.C. Voltammetry: Electrochemical detection of neurotransmitters in the brain. In Encyclopedia of Life Sciences (eLS); John
Wiley & Sons, Ltd.: Chichester, UK, 2016.

49. Rice, M.E.; Cragg, S.J. Nicotine amplifies reward-related dopamine signals in striatum. Nat. Neurosci. 2004, 7, 583–584. [CrossRef]
[PubMed]

50. Patel, J.C.; Rossignol, E.; Rice, M.E.; Machold, R.P. Opposing regulation of striatal dopamine release and exploratory motor
behavior by forebrain and brainstem cholinergic inputs. Nat. Commun. 2012, 3, 1172. [CrossRef]

51. Rice, M.E.; Patel, J.C.; Cragg, S.J. Dopamine release in the basal ganglia. Neuroscience 2011, 198, 112–137. [CrossRef]
52. Sulzer, D.; Cragg, S.J.; Rice, M.E. Striatal dopamine neurotransmission: Regulation of release and uptake. Basal Ganglia 2016, 6,

123–148. [CrossRef]

http://doi.org/10.1530/JME-11-0022
http://doi.org/10.1038/35007534
http://doi.org/10.3945/jn.111.149583
http://doi.org/10.1038/ncomms16052
http://doi.org/10.1016/j.neuropharm.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29217283
http://doi.org/10.1007/s13668-019-0276-z
http://doi.org/10.1152/physrev.00032.2015
http://doi.org/10.1016/S2213-8587(20)30113-3
http://www.ncbi.nlm.nih.gov/pubmed/32445739
http://doi.org/10.1111/jne.12965
http://www.ncbi.nlm.nih.gov/pubmed/33856071
http://doi.org/10.1016/j.tins.2022.03.001
http://www.ncbi.nlm.nih.gov/pubmed/35361499
http://doi.org/10.1038/s41386-022-01398-y
http://doi.org/10.1111/j.1460-9568.2012.08168.x
http://www.ncbi.nlm.nih.gov/pubmed/22712725
http://doi.org/10.1038/nn.3321
http://doi.org/10.1111/ejn.14291
http://www.ncbi.nlm.nih.gov/pubmed/30471157
http://doi.org/10.1016/j.celrep.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/22840394
http://doi.org/10.1016/j.neuron.2012.04.038
http://www.ncbi.nlm.nih.gov/pubmed/22794260
http://doi.org/10.1126/science.abn0532
http://doi.org/10.1016/j.neuron.2022.07.011
http://doi.org/10.1016/j.cell.2018.07.028
http://doi.org/10.1523/JNEUROSCI.6345-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525296
http://doi.org/10.1523/JNEUROSCI.20-22-08493.2000
http://www.ncbi.nlm.nih.gov/pubmed/11069957
http://doi.org/10.1038/nn1244
http://www.ncbi.nlm.nih.gov/pubmed/15146188
http://doi.org/10.1038/ncomms2144
http://doi.org/10.1016/j.neuroscience.2011.08.066
http://doi.org/10.1016/j.baga.2016.02.001


Biomolecules 2023, 13, 518 19 of 23

53. De Meyts, P. The Insulin Receptor and Its Signal Transduction Network. In Endotext [Internet]; Feingold, K.R., Anawalt, B., Boyce,
A., Chrousos, G., de Herder, W.W., Dhatariya, K., Dungan, K., Hershman, J.M., Hofland, J., Kalra, S., et al., Eds.; MDText.com,
Inc.: South Dartmouth, MA, USA, 2016. Available online: https://www.ncbi.nlm.nih.gov/books/NBK378978/ (accessed on 24
May 2022).

54. Nirenberg, M.J.; Vaughan, R.A.; Uhl, G.R.; Kuhar, M.J.; Pickel, V.M. The dopamine transporter is localized to dendritic and axonal
plasma membranes of nigrostriatal dopaminergic neurons. J. Neurosci. 1996, 16, 436–447. [CrossRef]

55. Nirenberg, M.J.; Chan, J.; Vaughan, R.A.; Uhl, G.R.; Kuhar, M.J.; Pickel, V.M. Immunogold localization of the dopamine transporter:
An ultrastructural study of the rat ventral tegmental area. J. Neurosci. 1997, 17, 5255–5262. [CrossRef] [PubMed]

56. Hersch, S.M.; Yi, H.; Heilman, C.J.; Edwards, R.H.; Levey, A.I. Subcellular localization and molecular topology of the dopamine
transporter in the striatum and substantia nigra. J. Comp. Neurol. 1997, 388, 211–227. [CrossRef]

57. Bu, M.; Farrer, M.J.; Khoshbouei, H. Dynamic control of the dopamine transporter in neurotransmission and homeostasis. NPJ
Parkinsons Dis. 2021, 7, 22. [CrossRef] [PubMed]

58. Ryan, R.M.; Ingram, S.L.; Scimemi, A. Regulation of Glutamate, GABA and Dopamine Transporter Uptake, Surface Mobility and
Expression. Front. Cell. Neurosci. 2021, 15, 670346. [CrossRef]

59. Jones, S.R.; Gainetdinov, R.R.; Jaber, M.; Giros, B.; Wightman, R.M.; Caron, M.G. Profound neuronal plasticity in response to
inactivation of the dopamine transporter. Proc. Natl. Acad. Sci. USA 1998, 95, 4029–4034. [CrossRef]

60. Figlewicz, D.P.; Szot, P.; Chavez, M.; Woods, S.C.; Veith, R.C. Intraventricular insulin increases dopamine transporter mRNA in
rat VTA/substantia nigra. Brain Res. 1994, 644, 331–334. [CrossRef] [PubMed]

61. Carvelli, L.; Moron, J.A.; Kahlig, K.M.; Ferrer, J.V.; Sen, N.; Lechleiter, J.D.; Leeb-Lundberg, L.M.F.; Merrill, G.; Lafer, E.M.; Ballou,
L.M.; et al. PI3-kinase regulation of dopamine uptake. J. Neurochem. 2002, 81, 859–869. [CrossRef]

62. Garcia, B.G.; Wei, Y.; Moron, J.A.; Lin, R.Z.; Javitch, J.A.; Galli, A. Akt is essential for insulin modulation of amphetamine-induced
human dopamine transporter cell-surface redistribution. Mol. Pharmacol. 2005, 68, 102–109. [CrossRef]

63. Fagan, R.R.; Kearney, P.J.; Melikian, H.E. In Situ regulated dopamine transporter trafficking: There’s no place like home.
Neurochem. Res. 2020, 45, 1335–1343. [CrossRef]

64. Schoffelmeer, A.N.; Drukarch, B.; De Vries, T.J.; Hoenboom, F.; Schetters, D.; Pattij, T. Insulin modulates cocaine-sensitive
monoamine transporter function and impulsive behavior. J. Neurosci. 2011, 31, 1284–1291. [CrossRef]

65. Jones, K.T.; Woods, C.; Zhen, J.; Antonio, T.; Carr, K.D.; Reith, M.E.A. Effects of diet and insulin on dopamine-transporter activity
and expression in rat caudate-putamen, nucleus accumbens, and midbrain. J. Neurochem. 2017, 140, 728–740. [CrossRef]

66. Patel, J.C.; Stouffer, M.A.; Mancini, M.; Nicholson, C.; Carr, K.D.; Rice, M.E. Interactions between insulin and diet on striatal
dopamine uptake kinetics in rodent brain slices. Eur. J. Neurosci. 2019, 49, 794–804. [CrossRef] [PubMed]

67. Wightman, R.M.; Amatore, C.; Engstrom, R.C.; Hale, P.D.; Kristensen, E.W.; Kuhr, W.G.; May, L.J. Real-time characterization of
dopamine overflow and uptake in the rat striatum. Neuroscience 1988, 25, 513–523. [CrossRef]

68. Nicholson, C. Interaction between diffusion and Michaelis-Menten uptake of dopamine after iontophoresis in striatum. Biophys. J.
1995, 68, 1699–1715. [CrossRef] [PubMed]

69. Fordahl, S.C.; Jones, S.R. High-fat-diet-induced deficits in dopamine terminal function are reversed by restoring insulin signaling.
ACS Chem. Neurosci. 2017, 8, 290–299. [CrossRef] [PubMed]

70. Marshall, J.F.; O’Dell, S.J.; Navarrete, R.; Rosenstein, A.J. Dopamine high-affinity transport site topography in rat brain: Major
differences between dorsal and ventral striatum. Neuroscience 1990, 37, 11–21. [CrossRef]

71. Ciliax, B.J.; Heilman, C.; Demchyshyn, L.L.; Pristupa, Z.B.; Ince, E.; Hersch, S.M.; Niznik, H.B.; Levey, A.I. The dopamine
transporter: Immunochemical characterization and localization in brain. J. Neurosci. 1995, 15, 1714–1723. [CrossRef] [PubMed]

72. Gonzalez-Hernandez, T.; Barroso-Chinea, P.; De La Cruz Muros, I.; Del Mar Perez-Delgado, M.; Rodriguez, M. Expression of
dopamine and vesicular monoamine transporters and differential vulnerability of mesostriatal dopaminergic neurons. J. Comp.
Neurol. 2004, 479, 198–215. [CrossRef]

73. Condon, M.D.; Platt, N.J.; Zhang, Y.F.; Roberts, B.M.; Clements, M.A.; Vietti-Michelina, S.; Tseu, M.Y.; Brimblecombe, K.R.;
Threlfell, S.; Mann, E.O.; et al. Plasticity in striatal dopamine release is governed by release-independent depression and the
dopamine transporter. Nat. Commun. 2019, 10, 1–15. [CrossRef] [PubMed]

74. Orosco, M.; Rouch, C.; Gripois, D.; Blouquit, M.F.; Roffi, J.; Jacquot, C.; Cohen, Y. Striatal dopamine metabolism is differentially
affected by insulin according to the genotype in Zucker rats: A microdialysis study. Psychoneuroendocrinology 1992, 17, 443–452.
[CrossRef] [PubMed]

75. Kleinridders, A.; Cai, W.; Cappellucci, L.; Ghazarian, A.; Collins, W.R.; Vienberg, S.G.; Pothos, E.N.; Kahn, C.R. Insulin resistance
in brain alters dopamine turnover and causes behavioral disorders. Proc. Natl. Acad. Sci. USA 2015, 112, 3463–3468. [CrossRef]
[PubMed]

76. Gerfen, C.R.; Engber, T.M.; Mahan, L.C.; Susel, Z.; Chase, T.N.; Monsma, F.J., Jr.; Sibley, D.R. D1 and D2 dopamine receptor-
regulated gene expression of striatonigral and striatopallidal neurons. Science 1990, 250, 1429–1432. [CrossRef] [PubMed]

77. Gerfen, C.R.; Surmeier, D.J. Modulation of striatal projection systems by dopamine. Annu. Rev. Neurosci. 2011, 34, 441–466.
[CrossRef]

78. Fetterly, T.L.; Oginsky, M.F.; Nieto, A.M.; Alonso-Caraballo, Y.; Santana-Rodriguez, Z.; Ferrario, C.R. Insulin bidirectionally alters
NAc glutamatergic transmission: Interactions between insulin receptor activation, endogenous opioids, and glutamate release. J.
Neurosci. 2021, 41, 2360–2372. [CrossRef]

https://www.ncbi.nlm.nih.gov/books/NBK378978/
http://doi.org/10.1523/JNEUROSCI.16-02-00436.1996
http://doi.org/10.1523/JNEUROSCI.17-14-05255.1997
http://www.ncbi.nlm.nih.gov/pubmed/9204909
http://doi.org/10.1002/(SICI)1096-9861(19971117)388:2&lt;211::AID-CNE3&gt;3.0.CO;2-4
http://doi.org/10.1038/s41531-021-00161-2
http://www.ncbi.nlm.nih.gov/pubmed/33674612
http://doi.org/10.3389/fncel.2021.670346
http://doi.org/10.1073/pnas.95.7.4029
http://doi.org/10.1016/0006-8993(94)91698-5
http://www.ncbi.nlm.nih.gov/pubmed/8050044
http://doi.org/10.1046/j.1471-4159.2002.00892.x
http://doi.org/10.1124/mol.104.009092
http://doi.org/10.1007/s11064-020-03001-6
http://doi.org/10.1523/JNEUROSCI.3779-10.2011
http://doi.org/10.1111/jnc.13930
http://doi.org/10.1111/ejn.13958
http://www.ncbi.nlm.nih.gov/pubmed/29791756
http://doi.org/10.1016/0306-4522(88)90255-2
http://doi.org/10.1016/S0006-3495(95)80348-6
http://www.ncbi.nlm.nih.gov/pubmed/7612814
http://doi.org/10.1021/acschemneuro.6b00308
http://www.ncbi.nlm.nih.gov/pubmed/27966885
http://doi.org/10.1016/0306-4522(90)90187-9
http://doi.org/10.1523/JNEUROSCI.15-03-01714.1995
http://www.ncbi.nlm.nih.gov/pubmed/7534339
http://doi.org/10.1002/cne.20323
http://doi.org/10.1038/s41467-019-12264-9
http://www.ncbi.nlm.nih.gov/pubmed/31537790
http://doi.org/10.1016/0306-4530(92)90002-O
http://www.ncbi.nlm.nih.gov/pubmed/1484912
http://doi.org/10.1073/pnas.1500877112
http://www.ncbi.nlm.nih.gov/pubmed/25733901
http://doi.org/10.1126/science.2147780
http://www.ncbi.nlm.nih.gov/pubmed/2147780
http://doi.org/10.1146/annurev-neuro-061010-113641
http://doi.org/10.1523/JNEUROSCI.3216-18.2021


Biomolecules 2023, 13, 518 20 of 23

79. Verkhratsky, A.; Nedergaard, M. Physiology of astroglia. Physiol. Rev. 2018, 98, 239–389. [CrossRef]
80. Hasel, P.; Liddelow, S.A. Astrocytes. Curr. Biol. 2021, 31, R326–R327. [CrossRef] [PubMed]
81. Verkhratsky, A.; Parpura, V.; Li, B.; Scuderi, C. Astrocytes: The housekeepers and guardians of the CNS. Adv. Neurobiol. 2021, 26,

21–53. [PubMed]
82. Goubard, V.; Fino, E.; Venance, L. Contribution of astrocytic glutamate and GABA uptake to corticostriatal information processing.

J. Physiol. 2011, 589, 2301–2319. [CrossRef] [PubMed]
83. Harada, K.; Kamiya, T.; Tsuboi, T. Gliotransmitter release from astrocytes: Functional, developmental, and pathological implica-

tions in the brain. Front. Neurosci. 2015, 9, 499. [CrossRef] [PubMed]
84. Liu, J.; Feng, X.; Wang, Y.; Xia, X.; Zheng, J.C. Astrocytes: GABAceptive and GABAergic cells in the brain. Front. Cell. Neurosci.

2022, 16, 892497. [CrossRef]
85. Sa, M.; Park, M.G.; Lee, C.J. Role of hypothalamic reactive astrocytes in diet-induced obesity. Mol. Cell 2022, 45, 65–75. [CrossRef]
86. Kleinridders, A.; Ferris, H.A.; Cai, W.; Kahn, C.R. Insulin action in brain regulates systemic metabolism and brain function.

Diabetes 2014, 63, 2232–2243. [CrossRef]
87. García-Cáceres, C.; Quarta, C.; Varela, L.; Gao, Y.; Gruber, T.; Legutko, B.; Jastroch, M.; Johansson, P.; Ninkovic, J.; Yi, C.X.; et al.

Astrocytic insulin signaling couples brain glucose uptake with nutrient availability. Cell 2016, 166, 867–880. [CrossRef]
88. González-García, I.; Gruber, T.; García-Cáceres, C. Insulin action on astrocytes: From energy homeostasis to behaviour. J.

Neuroendocrinol. 2021, 33, e12953. [CrossRef]
89. Heni, M.; Hennige, A.M.; Peter, A.; Siegel-Axel, D.; Ordelheide, A.M.; Krebs, N.; Machicao, F.; Fritsche, A.; Häring, H.U.; Staiger,

H. Insulin promotes glycogen storage and cell proliferation in primary human astrocytes. PLoS ONE 2011, 6, e21594. [CrossRef]
[PubMed]

90. Cai, W.; Xue, C.; Sakaguchi, M.; Konishi, M.; Shirazian, A.; Ferris, H.A.; Li, M.E.; Yu, R.; Kleinridders, A.; Pothos, E.N.; et al.
Insulin regulates astrocyte gliotransmission and modulates behavior. J. Clin. Investig. 2018, 128, 2914–2926. [CrossRef] [PubMed]

91. Roitman, M.F.; Stuber, G.D.; Phillips, P.E.M.; Wightman, R.M.; Carelli, R.M. Dopamine operates as a subsecond modulator of food
seeking. J. Neurosci. 2004, 24, 1265–1271. [CrossRef] [PubMed]

92. Palmiter, R.D. Is dopamine a physiologically relevant mediator of feeding behavior? Trends Neurosci. 2007, 30, 375–381. [CrossRef]
93. Zhou, Q.Y.; Palmiter, R.D. Dopamine-deficient mice are severely hypoactive, adipsic, and aphagic. Cell 1995, 83, 1197–1209.

[CrossRef] [PubMed]
94. de Araujo, I.E. Circuit organization of sugar reinforcement. Physiol. Behav. 2016, 164, 473–477. [CrossRef]
95. Rossi, M.A.; Stuber, G.D. Overlapping brain circuits for homeostatic and hedonic feeding. Cell Metab. 2018, 27, 42–56. [CrossRef]
96. Kullmann, S.; Blum, D.; Jaghutriz, B.A.; Gassenmaier, C.; Bender, B.; Häring, H.U.; Reischl, G.; Preissl, H.; la Fougère, C.; Fritsche,

A.; et al. Central insulin modulates dopamine signaling in the human striatum. J. Clin. Endocrinol. Metab. 2021, 106, 2949–2961.
[CrossRef] [PubMed]

97. Kenny, P.J. Reward mechanisms in obesity: New insights and future directions. Neuron 2011, 69, 664–679. [CrossRef] [PubMed]
98. Berthoud, H.R.; Münzberg, H.; Morrison, C.D. Blaming the brain for obesity: Integration of hedonic and homeostatic mechanisms.

Gastroenterology 2017, 152, 1728–1738. [CrossRef] [PubMed]
99. Hsu, T.M.; McCutcheon, J.E.; Roitman, M.F. Parallels and overlap: The integration of homeostatic signals by mesolimbic dopamine

neurons. Front. Psychiatry 2018, 9, 410. [CrossRef] [PubMed]
100. Carr, K.D. Modulatory effects of food restriction on brain and behavioral effects of abused drugs. Curr. Pharm. Des. 2020, 26,

2363–2371. [CrossRef] [PubMed]
101. Zhao, W.Q.; Chen, H.; Quon, M.J.; Alkon, D.L. Insulin and the insulin receptor in experimental models of learning and memory.

Eur. J. Pharmacol. 2004, 490, 71–81. [CrossRef]
102. Woods, C.A.; Guttman, Z.R.; Huang, D.; Kolaric, R.A.; Rabinowitsch, A.I.; Jones, K.T.; Cabeza de Vaca, S.; Sclafani, A.; Carr, K.D.

Insulin receptor activation in the nucleus accumbens reflects nutritive value of a recently ingested meal. Physiol. Behav. 2016, 159,
52–63. [CrossRef] [PubMed]

103. Carr, K.D.; Weiner, S.P. Effects of nucleus accumbens insulin inactivation on microstructure of licking for glucose and saccharin in
male and female rats. Physiol. Behav. 2022, 249, 113769. [CrossRef]

104. Finnell, J.E.; Ferrario, C.R. Intra-NAc insulin reduces the motivation for food and food intake without altering cue-triggered
food-seeking. Physiol. Behav. 2022, 254, 113892. [CrossRef]

105. Davis, J.D.; Smith, G.P. Analysis of the microstructure of the rhythmic tongue movements of rats ingesting maltose and sucrose
solutions. Behav. Neurosci. 1992, 106, 217–228. [CrossRef]

106. Spector, A.C.; Klumpp, P.A.; Kaplan, J.M. Analytical issues in the evaluation of food deprivation and sucrose concentration effects
on the microstructure of licking behavior in the rat. Behav. Neurosci. 1998, 112, 678–694. [CrossRef]

107. Lardeaux, S.; Kim, J.J.; Nicola, S.M. Intermittent access to sweet high-fat liquid induces increased palatability and motivation to
consume in a rat model of binge consumption. Physiol. Behav. 2013, 10, 114–115.

108. Naneix, F.; Peters, K.Z.; McCutcheon, J.E. Investigating the effect of physiological need states on palatability and motivation
using microstructural analysis of licking. Neuroscience 2020, 447, 155–166. [CrossRef]

109. Davis, J.D.; Smith, G.P.; Kung, T.M. Cholecystokinin changes the duration but not the rate of licking in vagotomized rats. Behav.
Neurosci. 1995, 109, 991–996. [CrossRef]

http://doi.org/10.1152/physrev.00042.2016
http://doi.org/10.1016/j.cub.2021.01.056
http://www.ncbi.nlm.nih.gov/pubmed/33848482
http://www.ncbi.nlm.nih.gov/pubmed/34888829
http://doi.org/10.1113/jphysiol.2010.203125
http://www.ncbi.nlm.nih.gov/pubmed/21486792
http://doi.org/10.3389/fnins.2015.00499
http://www.ncbi.nlm.nih.gov/pubmed/26793048
http://doi.org/10.3389/fncel.2022.892497
http://doi.org/10.14348/molcells.2022.2044
http://doi.org/10.2337/db14-0568
http://doi.org/10.1016/j.cell.2016.07.028
http://doi.org/10.1111/jne.12953
http://doi.org/10.1371/journal.pone.0021594
http://www.ncbi.nlm.nih.gov/pubmed/21738722
http://doi.org/10.1172/JCI99366
http://www.ncbi.nlm.nih.gov/pubmed/29664737
http://doi.org/10.1523/JNEUROSCI.3823-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/14960596
http://doi.org/10.1016/j.tins.2007.06.004
http://doi.org/10.1016/0092-8674(95)90145-0
http://www.ncbi.nlm.nih.gov/pubmed/8548806
http://doi.org/10.1016/j.physbeh.2016.04.041
http://doi.org/10.1016/j.cmet.2017.09.021
http://doi.org/10.1210/clinem/dgab410
http://www.ncbi.nlm.nih.gov/pubmed/34131733
http://doi.org/10.1016/j.neuron.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21338878
http://doi.org/10.1053/j.gastro.2016.12.050
http://www.ncbi.nlm.nih.gov/pubmed/28192106
http://doi.org/10.3389/fpsyt.2018.00410
http://www.ncbi.nlm.nih.gov/pubmed/30233430
http://doi.org/10.2174/1381612826666200204141057
http://www.ncbi.nlm.nih.gov/pubmed/32013842
http://doi.org/10.1016/j.ejphar.2004.02.045
http://doi.org/10.1016/j.physbeh.2016.03.013
http://www.ncbi.nlm.nih.gov/pubmed/26988281
http://doi.org/10.1016/j.physbeh.2022.113769
http://doi.org/10.1016/j.physbeh.2022.113892
http://doi.org/10.1037/0735-7044.106.1.217
http://doi.org/10.1037/0735-7044.112.3.678
http://doi.org/10.1016/j.neuroscience.2019.10.036
http://doi.org/10.1037/0735-7044.109.5.991


Biomolecules 2023, 13, 518 21 of 23

110. Kaplan, J.M.; Donahey, J.; Baird, J.-P.; Simansky, K.J.; Grill, H.J. d-Fenfluramine anorexia: Dissociation of ingestion rate, meal
duration, and meal size effects. Pharmacol. Biochem. Behav. 1997, 57, 223–229. [CrossRef]

111. Eisen, S.; Davis, J.D.; Rauhofer, E.; Smith, G.P. Gastric negative feedback produced by volume and nutrient during a meal in rats.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 2001, 281, R1201–R1214. [CrossRef]

112. Hsiao, S.; Fan, R.J. Additivity of taste-specific effects of sucrose and quinine: Microstructural analysis of ingestive behavior in rats.
Behav. Neurosci. 1993, 107, 317–326. [CrossRef]

113. Dwyer, D.M.; Lydall, E.S.; Hayward, A.J. Simultaneous contrast: Evidence from licking microstructure and cross-solution
comparisons. J. Exp. Psychol. Anim. Behav. Process. 2011, 37, 200–210. [CrossRef]

114. McCutcheon, J.E. The role of dopamine in the pursuit of nutritional value. Physiol. Behav. 2015, 152, 408–415. [CrossRef]
115. Genn, R.F.; Higgs, C.; Cooper, S.J. The effects of 7-OH-DPAT, quinpirole and raclopride on licking for sucrose solutions in the

non-deprived rat. Behav. Pharmacol. 2003, 14, 609–617. [CrossRef] [PubMed]
116. Schneider, L.H.; Davis, J.D.; Watson, C.A.; Smith, G.P. Similar effect of raclopride and reduced sucrose concentration on the

microstructure of sucrose sham feeding, Eur. J. Pharmacol. 1990, 186, 61–70.
117. Touzani, K.; Bodnar, R.; Sclafani, A. Activation of dopamine D1-like receptors in nucleus accumbens is critical for the acquisition,

but not the expression, of nutrient conditioned flavor preferences in rats. Eur. J. Neurosci. 2008, 27, 1525–1533. [CrossRef]
118. Sclafani, A.; Touzani, K.; Bodnar, R.J. Dopamine and learned food preferences. Physiol. Behav. 2011, 104, 64–68. [CrossRef]
119. Mark, G.P.; Rada, P.; Pothos, E.; Hoebel, B.G. Effects of feeding and drinking on acetylcholine release in the nucleus accumbens,

striatum, and hippocampus of freely behaving rats. J. Neurochem. 1992, 58, 2269–2274. [CrossRef]
120. Avena, N.M.; Rada, P.; Moise, N.; Hoebel, B.G. Sucrose sham feeding on a binge schedule releases accumbens dopamine

repeatedly and eliminates the acetylcholine satiety response. Neuroscience 2006, 139, 813–820. [CrossRef]
121. Reichenbach, A.; Clarke, R.E.; Stark, R.; Lockie, S.H.; Mequinion, M.; Dempsey, H.; Rawlinson, S.; Reed, F.; Sepehrizadeh, T.;

DeVeer, M.; et al. Metabolic sensing in AgRP neurons integrates homeostatic state with dopamine signalling in the striatum. Elife
2022, 11, e72668. [CrossRef]

122. McCaleb, M.L.; Myers, R.D. Striatal dopamine release is altered by glucose and insulin during push-pull perfusion of the rat’s
caudate nucleus. Brain Res. Bull. 1979, 4, 651–656. [CrossRef]

123. Berthoud, H.R.; Jeanrenaud, B. Sham feeding-induced cephalic phase insulin release in the rat. Am. J. Physiol. 1982, 242,
E280–E285. [CrossRef]

124. Thanarajah, S.E.; Backes, H.; DiFeliceantonio, A.G.; Albus, K.; Cremer, A.L.; Hanssen, R.; Lippert, R.N.; Cornely, O.A.; Small,
D.M.; Brüning, J.C.; et al. Food intake recruits orosensory and post-ingestive dopaminergic circuits to affect eating desire in
humans. Cell Metab. 2019, 29, 695–706. [CrossRef] [PubMed]

125. Small, D.M.; Jones-Gotman, M.; Dagher, A. Feeding-induced dopamine release in dorsal striatum correlates with meal pleasant-
ness ratings in healthy human volunteers. Neuroimage 2003, 19, 1709–1715. [CrossRef]

126. Tellez, L.A.; Han, W.; Zhang, X.; Ferreira, T.L.; Perez, I.O.; Shammah-Lagnado, S.J.; van den Pol, A.N.; de Araujo, I.E. Separate
circuitries encode the hedonic and nutritional values of sugar. Nat. Neurosci. 2016, 19, 465–470. [CrossRef] [PubMed]

127. Carr, K.D. Chronic food restriction: Enhancing effects on drug reward and striatal cell signaling. Physiol. Behav. 2007, 91, 459–472.
[CrossRef] [PubMed]

128. Carr, K.D. Food scarcity, neuroadaptations, and the pathogenic potential of dieting in an unnatural ecology: Binge eating and
drug abuse. Physiol. Behav. 2011, 104, 162–167. [CrossRef] [PubMed]

129. Davis, J.F.; Tracy, A.L.; Schurdak, J.D.; Tsch€op, M.H.; Lipton, J.W.; Clegg, D.J.; Benoit, S.C. Exposure to elevated levels of dietary
fat attenuates psychostimulant reward and mesolimbic dopamine turnover in the rat. Behav. Neurosci. 2008, 122, 1257–1263.
[CrossRef]

130. Stice, E.; Figlewicz, D.P.; Gosnell, B.A.; Levine, A.S.; Pratt, W.E. The contribution of brain reward circuits to the obesity epidemic.
Neurosci. Biobehav. Rev. 2013, 37, 2047–2058. [CrossRef]

131. Ferrario, C.R.; Labouébe, G.; Liu, S.; Nieh, E.H.; Routh, V.H.; Xu, S.; O’Connor, E.C. Homeostasis meets motivation in the battle to
control food intake. J. Neurosci. 2016, 36, 11469–11481. [CrossRef]

132. Ferrario, C.R. Why did I eat that? Contributions of individual differences in incentive motivation and nucleus accumbens
plasticity to obesity. Physiol. Behav. 2020, 227, 113114.

133. Gnazzo, F.G.; Mourra, D.; Guevara, C.A.; Beeler, J.A. Chronic food restriction enhances dopamine-mediated intracranial self-
stimulation. Neuroreport 2021, 32, 1128–1133. [CrossRef]

134. Kullmann, S.; Valenta, V.; Wagner, R.; Tschritter, O.; Machann, J.; Häring, H.U.; Preissl, H.; Fritsche, A.; Heni, M. Brain insulin
sensitivity is linked to adiposity and body fat distribution. Nat. Commun. 2020, 11, 1841. [CrossRef]

135. Heni, M.; Wagner, R.; Kullmann, S.; Gancheva, S.; Roden, M.; Peter, A.; Stefan, N.; Preissl, H.; Häring, H.-U.; Fritsche, A.
Hypothalamic and striatal insulin action suppresses endogenous glucose production and may stimulate glucose uptake during
hyperinsulinemia in lean but not in overweight men. Diabetes 2017, 66, 1797–1806. [CrossRef] [PubMed]

136. Evans, M.C.; Kumar, N.S.; Inglis, M.A.; Anderson, G.M. Leptin and insulin do not exert redundant control of metabolic or emotive
function via dopamine neurons. Horm. Behav. 2018, 106, 93–104. [PubMed]

137. Tchilian, E.Z.; Zhelezarov, I.E.; Petkov, V.V.; Hadjiivanova, C.I. 125I-insulin binding is decreased in olfactory bulbs of aged rats.
Neuropeptides 1990, 17, 193–196. [CrossRef] [PubMed]

http://doi.org/10.1016/S0091-3057(96)00340-1
http://doi.org/10.1152/ajpregu.2001.281.4.R1201
http://doi.org/10.1037/0735-7044.107.2.317
http://doi.org/10.1037/a0021458
http://doi.org/10.1016/j.physbeh.2015.05.003
http://doi.org/10.1097/00008877-200312000-00005
http://www.ncbi.nlm.nih.gov/pubmed/14665978
http://doi.org/10.1111/j.1460-9568.2008.06127.x
http://doi.org/10.1016/j.physbeh.2011.04.039
http://doi.org/10.1111/j.1471-4159.1992.tb10973.x
http://doi.org/10.1016/j.neuroscience.2005.12.037
http://doi.org/10.7554/eLife.72668
http://doi.org/10.1016/0361-9230(79)90108-4
http://doi.org/10.1152/ajpendo.1982.242.4.E280
http://doi.org/10.1016/j.cmet.2018.12.006
http://www.ncbi.nlm.nih.gov/pubmed/30595479
http://doi.org/10.1016/S1053-8119(03)00253-2
http://doi.org/10.1038/nn.4224
http://www.ncbi.nlm.nih.gov/pubmed/26807950
http://doi.org/10.1016/j.physbeh.2006.09.021
http://www.ncbi.nlm.nih.gov/pubmed/17081571
http://doi.org/10.1016/j.physbeh.2011.04.023
http://www.ncbi.nlm.nih.gov/pubmed/21530562
http://doi.org/10.1037/a0013111
http://doi.org/10.1016/j.neubiorev.2012.12.001
http://doi.org/10.1523/JNEUROSCI.2338-16.2016
http://doi.org/10.1097/WNR.0000000000001700
http://doi.org/10.1038/s41467-020-15686-y
http://doi.org/10.2337/db16-1380
http://www.ncbi.nlm.nih.gov/pubmed/28174292
http://www.ncbi.nlm.nih.gov/pubmed/30292429
http://doi.org/10.1016/0143-4179(90)90035-W
http://www.ncbi.nlm.nih.gov/pubmed/2093152


Biomolecules 2023, 13, 518 22 of 23

138. Dore, S.; Kar, S.; Rowe, W.; Quirion, R. Distribution and levels of [125I]IGF-I, [125I]IGF-II and [125I]insulin receptor binding sites
in the hippocampus of aged memory-unimpaired and -impaired rats. Neuroscience 1997, 80, 1033–1040. [CrossRef] [PubMed]

139. Zaia, A.; Piantanelli, L. Insulin receptors in the brain cortex of aging mice. Mech. Ageing Dev. 2000, 113, 227–232. [CrossRef]
140. Pijpers, E.; Ferreira, I.; de Jongh, R.T.; Deeg, D.J.; Lips, P.; Stehouwer, C.D.; Nieuwenhuijzen Kruseman, A.C. Older individuals

with diabetes have an increased risk of recurrent falls: Analysis of potential mediating factors: The longitudinal ageing study
Amsterdam. Age Ageing 2012, 41, 358–365.

141. Crews, R.T.; Yalla, S.V.; Fleischer, A.E.; Wu, S.C. A growing troubling triad: Diabetes, aging, and falls. J. Aging Res. 2013, 2013,
342650. [CrossRef] [PubMed]

142. Yang, Y.; Hu, X.; Zhang, Q.; Zou, R. Diabetes mellitus and risk of falls in older adults: A systematic review and meta-analysis. Age
Ageing 2016, 45, 761–767. [CrossRef]

143. Case, S.L.; Frazier, H.N.; Anderson, K.L.; Lin, R.-L.; Thibault, O. Falling Short: The contribution of central insulin receptors to gait
dysregulation in brain aging. Biomedicines 2022, 10, 1923. [CrossRef]

144. Cholerton, B.; Baker, L.D.; Craft, S. Insulin resistance and pathological brain ageing. Diabet. Med. 2011, 28, 1463–1475. [CrossRef]
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