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Dopamine (DA) is a critical regulator of striatal network activity and is essential for motor activation and reward-associated
behaviors. Previous work has shown that DA is influenced by the reward value of food, as well as by hormonal factors that
reguate food intake and energy expenditure. Changes in striatal DA signaling also have been linked to aberrant eating pat-
terns. Here we test the effect of leptin, an adipocyte-derived hormone involved in feeding and energy homeostasis regulation,
on striatal DA release and uptake. Immunohistochemical evaluation identified leptin receptor (LepR) expression throughout
mouse striatum, including on striatal cholinergic interneurons (ChIs) and their extensive processes. Using fast-scan cyclic vol-
tammetry (FSCV), we found that leptin causes a concentration-dependent increase in evoked extra-cellular DA concentration
([DA]o) in dorsal striatum (dStr) and nucleus accumbens (NAc) core and shell in male mouse striatal slices, and also an
increase in the rate of DA uptake. Further, we found that leptin increases ChI excitability, and that the enhancing effect of
leptin on evoked [DA]o is lost when nicotinic acetylcholine (ACh) receptors are antagonized or when examined in striatal sli-
ces from mice lacking ACh synthesis. Evaluation of signaling pathways underlying leptin’s action revealed a requirement for
intracellular Ca21, and the involvement of different downstream pathways in dStr and NAc core versus NAc shell. These
results provide the first evidence for dynamic regulation of DA release and uptake by leptin within brain motor and reward
pathways, and highlight the involvement of ChIs in this process.
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Significance Statement

Given the importance of striatal dopamine (DA) in reward, motivation, motor behavior and food intake, identifying the
actions of metabolic hormones on DA release in striatal subregions should provide new insight into factors that influence
DA-dependent motivated behaviors. We find that one of these hormones, leptin, boosts striatal DA release through a process
involving striatal cholinergic interneurons (ChIs) and nicotinic acetylcholine (ACh) receptors. Moreover, we find that the in-
tracellular cascades downstream from leptin receptor (LepR) activation that lead to enhanced DA release differ among striatal
subregions. Thus, we not only show that leptin regulates DA release, but also identify characteristics of this process that could
be harnessed to alter pathologic eating behaviors.

Introduction
The striatal complex is the primary input site for the basal gan-
glia, and can be broadly subdivided into dorsal striatum (dStr)
and the nucleus accumbens (NAc). These subdivisions differ in
afferent and efferent circuitry, as well as in physiological roles.
The dStr receives dopamine (DA) input from the substantia
nigra pars compacta (SNc) and is involved in movement genera-
tion, motor learning and habit formation (Schultz, 2002; Pisani
et al., 2005; Howe and Dombeck, 2016). The NAc receives affer-
ents from DA neurons of the ventral tegmental area (VTA) and
participates in reward processing and in goal-directed behaviors
(Mogenson et al., 1980; Cardinal et al., 2002; Kelley, 2004;
Mohebi et al., 2019).
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Through this repertoire of roles, striatal DA transmission has
been linked to the regulation of eating behavior and energy
homeostasis, with both dStr and NAc involved in food intake
and hedonic feeding (Ungerstedt, 1971; Szczypka et al., 2001;
Roitman et al., 2004; Yun et al., 2004; Wise, 2006; de Araujo et
al., 2008; Richard et al., 2013). Consistent with these roles, a
decline in food intake and loss of body weight accompany the
early stages of Parkinson’s disease, characterized by the progres-
sive loss of midbrain DA neurons and decreasing striatal DA
(Beyer et al., 1995; Chen et al., 2003; Kistner et al., 2014).
Interestingly, obesity is associated with decreased DA release,
including in genetically obese mice (Fulton et al., 2006) and
diet-induced obese rats (Geiger et al., 2009; Stouffer et al.,
2015).

Circulating hormonal factors, which signal the long and
short-term energy status of the body, modulate DA neuron activ-
ity and DA release in both nigrostriatal and mesolimbic DA
pathways, fine-tuning adaptive responses to environmental and
metabolic conditions (Abizaid et al., 2006; Quarta et al., 2009;
Skibicka et al., 2011, 2013; Dickson et al., 2012; Labouèbe et al.,
2013; Mietlicki-Baase et al., 2014, 2015; Stouffer et al., 2015). The
metabolic hormone leptin, synthetized primarily in adipocytes,
has attracted increasing attention since it was identified as a key
player in the regulation of energy expenditure and appetite sup-
pression (Halaas et al., 1995). Multiple leptin receptor (LepR)
isoforms have been identified (Lee et al., 1996); however, leptin
signaling is provided primarily by the long isoform (LepRb),
especially in brain (Villanueva and Myers, 2008). The presence
of LepRb on DA neurons in the VTA points to a role for leptin
in the mesolimbic DA system (Fulton et al., 2000; Figlewicz et al.,
2006; Hommel et al., 2006; Leinninger et al., 2009). Indeed, leptin
has been shown to decrease the spontaneous activity of VTA
DA neurons in ex vivo midbrain slices (Hommel et al., 2006;
Murakami et al., 2018) and to decrease extracellular DA concen-
tration ([DA]o) in the NAc in vivo after intracerebroventricular
application (Krügel et al., 2003). Viral knock-down of LepRs in
VTA DA neurons increases preference for sucrose and high fat
food, implying a role in hedonic feeding (Hommel et al., 2006).
Paradoxically, however, evoked [DA]o is decreased in ex vivo stria-
tal slices from leptin-deficient ob/obmice (Fulton et al., 2006).

Although these studies point to leptin-DA interactions, evi-
dence that leptin might act within the striatum to modulate axo-
nal DA release is lacking. Here, we assessed the distribution of
LepRb in the striatum using immunohistochemistry and exam-
ined the influence of leptin on DA release using fast-scan cyclic
voltammetry (FSCV) in mouse striatal slices. We identified
LepRb on cholinergic interneurons (ChIs) and their processes,
and observed that leptin enhances axonal DA release through an
acetylcholine (ACh)-dependent microcircuit. Moreover, we eval-
uated molecular signaling pathways through which leptin acts
and found regional differences among dStr, NAc core, and NAc
shell. Our studies show that leptin, acting at discrete brain loci
and using diverse molecular signaling pathways, influences stria-
tal DA release, thus providing new insight into previously
reported behavioral responses involving this metabolic hormone.

Materials and Methods
Animals
Mice were handled in accordance with the recommendations of the
National Institutes of Health and with approvals granted by the New
York University Grossman School of Medicine and the University
of Michigan Animal Ethics Committees. Studies of DA release used
primarily male C57BL/6J mice (5–12weeks of age) from The Jackson

Laboratory. Additionally, to examine LepRb expression in the striatum,
we used male and female double homozygous LepRbEGFP mice, pro-
vided by Prof. Martin G. Myers Jr. from the University of Michigan, in
which the detection of LepRb neurons was enhanced by EGFP expres-
sion; these were generated by breeding of Leprcre/cre mice with Gt
(ROSA)26-Sortm2Sho mice (Leshan et al., 2010). Lastly, choline acetyl-
transferase (ChAT) knock-out (KO) animals were produced by cross-
ing a conditional floxed allele of ChAT (ChATflox/flox) with a Nkx2.1Cre

transgenic line to produce mutants (Nkx2.1Cre;ChATflox/flox) in which
ACh synthesis is eliminated in the forebrain (Patel et al., 2012). These
mice were genotyped using the Genotyping Core Laboratory of New York
University Langone Health with transgenic littermates (ChATflox/flox) used
as controls for studies involving ChAT KO mice. Animals were group-
housed and maintained on a 12/12 h light/dark cycle (light on at 6:30
A.M.) with food and water ad libitum; all experiments were conducted
in the morning.

Immunohistochemistry
LepRbEGFP reporter mice and ChAT KO mice were administered
Euthasol (Virbac AH Inc.), then perfused transcardially with 0.1 M PBS
(154 mM NaCl in 10 mM phosphate buffer, pH 7.3) followed by 4% para-
formaldehyde in PBS (Sigma-Aldrich). Brains were removed, postfixed for
24 h, then sectioned in the coronal plane (50mm) on a freezing microtome
(Leica Cryocut 1800 cryostat, Belair Instrument Company). Free-floating
sections were processed for immunohistochemistry, as described previ-
ously (Hikima et al., 2021). Briefly, sections were rinsed 3� 15 min in
PBS with 0.1% Triton X-100, blocked for 1 h in normal donkey serum in
PBS with 0.3% Triton X-100, and incubated with the primary antibody at
room temperature for 18–24 h. Then 3� 15 min washes in PBS with 0.3%
Triton X-100 were performed before incubation for 2 h with secondary
antibodies diluted 1:200. Thereafter, sections were rinsed with PBS alone,
mounted on glass slides, air-dried, dehydrated in graded alcohols, then
Citrisolv and coverslipped in Krystalon (EMD Chemicals).

Immunoserum against EGFP (GFP-1020, dilution 1:500, Aves Labs)
was used to identify LepRb-positive neurons. Immunoserum against
ChAT (AB144P, dilution 1:200, Millipore) was used to label striatal ChIs.
In sections from ChAT KO mice; neuronal profiles were visualized with
an anti-smooth endoplasmic reticulum Ca21 pump (SERCA2; Invitrogen
MA3-910, dilution 1:400–1:1000). The absence of Chl immunostaining
in ChAT KO mice established the specificity of the ChAT Ab (not illus-
trated). Secondary antibodies were: donkey anti-chicken Cy3 (catalog
#703-165-155) and donkey anti-goat Cy2 (catalog #706-225-148), both
from Jackson ImmunoResearch). Imaging was performed with a Nikon
Eclipse C1 confocal microscope and data were processed and analyzed
with Photoshop software (Adobe Systems Incorporated).

Slice preparation
Mice were anesthetized with isoflurane (Henry Schein Medical Inc.), the
brains removed, and 300mm thick coronal slices containing dStr and
NAc core and shell cut using a Leica VT1200S vibrating microtome
(Leica Microsystems). For FSCV experiments, slices were cut in ice-cold
HEPES-based buffer containing (in mM): 120 NaCl, 20 NaHCO3, 10
glucose, 6.7 HEPES acid, 5 KCl, 3.3 HEPES sodium salt, 2 CaCl2, and
2 MgSO4, saturated with 95% O2/5% CO2. Slices were kept at room
temperature in this HEPES-based buffer for 1 h before transfer to the
recording chamber (Patel et al., 2012; Stouffer et al., 2015). For elec-
trophysiology experiments, slices were prepared in ice-cold high-
sucrose cutting solution containing (in mM): 225 sucrose, 2.5 KCl, 0.5
CaCl2, 7 MgCl2, 28 NaHCO3, 1.25 NaH2PO4, 7 glucose, 1 ascorbate,
and 3 pyruvate, equilibrated with 95% O2/5% CO2. After cutting, slices
were transferred to a holding chamber filled with oxygenated (95%
O2/5% CO2) modified artificial CSF (aCSF) containing (in mM): 125
NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 1 MgCl2, 2 CaCl2, 25 glu-
cose, 1 ascorbate, 3 pyruvate, and 4 myo-inositol and bubbled with
95% O2/5% CO2. The initial temperature of this solution was 34°C,
which then was allowed to cool to room temperature; slices were kept
for at least 1 h under these conditions before transfer to the recording
chamber. All FSCV and electrophysiology recordings were made in a
submersion chamber that was perfused at 1.5 ml/min with aCSF at
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32°C containing (in mM): 124 NaCl, 3.7 KCl, 26 NaHCO3, 2.4 CaCl2,
1.3 MgSO4, 1.3 KH2PO4, 10 glucose, and 0.1mg/ml bovine serum al-
bumin (BSA) equilibrated with 95% O2/5% CO2. Recordings began af-
ter 30-min stabilization in the chamber.

Ex vivo slice FSCV
Local electrically evoked increases in [DA]o in ex vivo striatal slices were
monitored using FSCV, as described previously (Patel et al., 2012; Patel
and Rice, 2013; Stouffer et al., 2015; Bastioli et al., 2022). Peak oxidation
currents, reflecting dynamic changes in DA concentration, were detected
using a carbon fiber (7mm in diameter) sealed into the tip of a pulled
glass capillary with an exposed length of 30–70mm (Patel and Rice,
2013). A triangular voltage waveform was applied to the microelectrode
(from �0.7 to 11.3 V, then back to �0.7 V vs Ag/AgCl reference, at a
rate of 800 V/s) every 100ms using a Millar voltammeter (Dr. Julian
Miller, Barts and the London School of Medicine and Dentistry, United
Kingdom). The tip of the recording electrode was inserted 70–100mm
into the slice. Striatal DA release was evoked by local electrical stimula-
tion using a concentric stimulating electrode positioned on the slice sur-
face ;100 away from the recording electrode. A single stimulus pulse
(100-ms duration, 0.4-mA amplitude) sufficed to evoke DA release in lat-
eral dStr and in NAc core, whereas a train of five pulses at 100Hz was
required to elicit a robust release response in NAc shell (Stouffer et al.,
2015). The timing of the voltage sweeps and stimulation pulses was con-
trolled by a Master-8 pulse generator (A.M.P.I.). Data were collected
using a Molecular Devices Digidata 1550B controlled by AxoScope 10.7
software (Molecular Devices).

Experiments were performed using two different protocols. Initially,
to determine the time required for the pharmacological effect of leptin,
single-site recording was conducted in the dStr using single-pulse stimu-
lation to elicit increases in [DA]o at 5-min intervals. Once a stable
evoked [DA]o baseline was established (typically within three to five
stimulations), leptin was applied and the response monitored until
evoked [DA]o was again stable. For all the other experiments, we used
multisite sampling with a single carbon-fiber microelectrode paired with
a single stimulating electrode. For this approach, increases in [DA]o
were evoked sequentially in four to five recording sites per striatal subre-
gion in each of two slices from the same striatal level; total sampling
time was;30min. This approach is valuable because of site-to-site vari-
ability in evoked [DA]o (Stouffer et al., 2015; Patel et al., 2019; Longo et
al., 2021; Bastioli et al., 2022). Based on the time at which leptin exerted
its maximal effect, multisite sampling was initiated 50min after applica-
tion of leptin 1/� other drugs, and in time-matched controls in aCSF
alone or with a paired test drug. To evaluate the sensitivity of DA release
to leptin, we conducted separate experiments in different concentrations
of leptin using multisite sampling in each region. The concentration of
leptin at which the increase in peak evoked [DA]o was half maximal
(EC50) for each region was calculated by fitting sigmoidal concentra-
tion-response curves using nonlinear regression (GraphPad Prism 8;
GraphPad Software Inc.). Drugs used to challenge leptin action were
added at the desired concentration from stock solutions 10–15min
before leptin application with continual application throughout the
experiment. In experiments with insulin or insulin plus leptin, sampling
was initiated after 50-min superfusion and conducted in the continued
presence of the hormone(s); in co-application experiments, the two hor-
mones were applied simultaneously. Following each experiment, record-
ing electrodes were calibrated in the recording chamber, using 1 mM DA in
each experimental solution tested that day. Calibration solutions were pre-
pared immediately before use from a stock solution of 2 mM DA in 0.1 M

HClO4 stored at 4°C.

DA uptake analysis
Changes in DA uptake induced by leptin exposure were measured
using a MATLAB script, provided by Charles Nicholson (New York
University), as described previously (Li et al., 2010; Patel et al., 2019).
The maximal uptake rate for DA (Vmax) was derived from analysis of
single-pulse evoked [DA]o records from dStr and NAc core using the
Michaelis-Menten equation with a Km fixed at 0.9 mM.

Ex vivo slice electrophysiology
Whole-cell patch clamp recordings were obtained from Chls in the dStr
visualized at 40� using a water-immersion objective on an Olympus
BX51WI microscope equipped with infrared differential interference
contrast optics (Olympus America). Recording electrodes were made
from fire polished 2.0 mm o.d. borosilicate capillary tubing (Sutter
Instrument Company) using a P-97 Flaming/Brown micropipette puller
(Sutter Instrument Company). Pipette resistance was ;3–5 MV when
filled with a solution containing (in mM): 129 K-gluconate, 11 KCl, 10
HEPES, 2 MgCl2, 1 EGTA, 2 Na2-ATP, and 0.3 Na3-GTP, adjusted to
pH 7.3 with KOH.

ChIs were identified by their large somas and their electrophysiological
properties, including a prominent hyperpoloarization-activated current
(Ih) and broad action potentials (APs). The influence of leptin on ChI
excitability was assessed in current-clamp mode by monitoring changes in
the number of spike discharges in response to a series of depolarizing cur-
rent injection pulses (100, 200, 300pA), 3 s in duration and separated by 5
s. This series of depolarizing current pulses was applied every 2min.
Leptin superfusion began once responses were stable. Data were recorded
with an Axopatch 200B amplifier, low pass filtered at 2 kHz, digitized
(10kHz, Digidata 1550B, Molecular Devices), collected using Clampex
10.7, and analyzed offline using Clampfit (all fromMolecular Devices).

Drugs
Recombinant mouse leptin (carrier free; catalog number 498-OB), 2-
aminoethoxydiphenyl borate (2-APB), cyclopiazonic acid (CPA), and
dihydro-b -erythroidine (DHbE) were purchased from R&D Systems.
Components of solutions used for voltammetry and electrophysiology
were from Sigma-Aldrich, as were DA, EGTA-AM, BAPTA-AM,
LY294002, BSA, and insulin. MK-2206 was from ApexBio Technology.
A stock solution of leptin was prepared in 20 mM Tris-HCl buffer (pH
8.0) before addition to aCSF. Water soluble drugs were prepared as
aqueous stock solutions; other drugs were dissolved in dimethyl sulfox-
ide (DMSO; Sigma-Aldrich). Maximal final DMSO concentration was
,0.1%. Drugs were diluted to their required concentrations in aCSF
immediately before use; BSA was added as a carrier to the solutions
used for voltammetry and electrophysiology to help maintain solubility
of leptin and minimize adherence of leptin and other drugs to the tub-
ing and recording chamber. Control data were obtained in the presence
of the same volume of vehicle and did not differ from responses
recorded in aCSF alone (data not illustrated).

Statistical analysis
Data analysis was performed using GraphPad Prism 8. All data are
expressed as mean6 SEM. Significance of differences was assessed using
Student’s paired or unpaired t tests as appropriate, or ANOVA for multi-
ple experimental groups. For voltammetry data, n indicates the number
of recorded sites; two slices from each of three to four mice were used
for each experimental group. For electrophysiology experiments, n indi-
cates the number of paired stimulus responses in the absence and then
presence of leptin. The confidence level of significance was set at 95%,
such that a p� 0.05 was considered to be statistically significant.

Results
Expression of functional LepRs in the striatum
We visualized LepRs in striatum by immunofluorescence in
coronal brain sections from LepRbEGFP mice, in which EGFP
(enhanced green fluorescent protein) is genetically co-expressed
with LepRb (Leinninger et al., 2009; Leshan et al., 2010;
Patterson et al., 2011). Particulate LepRb-immunoreactivity (ir)
was observed throughout the striatum, appearing as grouped
aggregates of various sizes (Fig. 1A, representative of immu-
nostaining in three mice). In addition, a few large neurons
expressed LepRb-ir throughout the perikaryon and initial por-
tions of primary dendrites (Fig. 1A, arrow). Based on criteria
of size and shape, we hypothesized that these large neurons
were cholinergic and confirmed this with an antibody against
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ChAT. It is noteworthy that despite their low density, cholin-
ergic neurons (Chls) have extensive axonal and dendritic
processes (Fig. 1B). In a low magnification view, extensive
overlap can be seen between ChAT-ir-positive perikarya and
processes with LepRb-ir (Fig. 1C–E), with a portion of the
Chl population showing intense LepRb-ir. At higher magni-
fication, LepRb-ir can be seen in both the soma and proc-
esses of a single ChAT-ir neuron (Fig. 1F–H).

To examine whether LepRb in the striatum is a regulator of
DA release, we used FSCV to monitor evoked increases in [DA]o
in striatal slices. In initial studies using single-site monitoring in
dStr, we found that a physiologically relevant concentration of
leptin (30 nM; Caro et al., 1996), caused an increase in evoked
[DA]o that began 20min after initiation of exposure, and reached
a stable plateau after 40–50min (data not shown). Thereafter,
multisite sampling was used to quantify the effect of 30 nM lep-
tin on evoked [DA]o in dStr, NAc core, and NAc shell. Leptin
caused a significant increase in evoked [DA]o in each of these
striatal subregions (dStr, 1336 11% of time-matched controls,
p= 0.0051; NAc core, 1306 14% of controls, p= 0.0401; and
NAc shell, 1286 10% of controls, p= 0.0376; n= 30 sites from

three mice per condition; Fig. 2A). In each region, DA was
identified by its characteristic voltammogram (Fig. 2A, insets).
In ex vivo striatal slices, there is no ambiguity that DA is the
electroactive substance detected throughout the striatum (Patel
and Rice, 2013). Using multisite sampling, we then evaluated
the concentration dependence of the response in 10–1000 nM

leptin. Leptin produced concentration-dependent increases
in evoked [DA]o throughout the striatum, with EC50 values
in the 100 nM range for each region (Fig. 2B). We therefore
applied 100 nM leptin in most subsequent pharmacological
experiments.

Previous studies of NAc synaptosomes showed that leptin
increases Vmax for DA uptake via the DA transporter (DAT;
Perry et al., 2010). We examined whether leptin increased
DA uptake in our slice preparation by determining Vmax

from evoked [DA]o recorded in the presence of 30 or 100 nM

leptin versus time-matched controls. The method used dis-
tinguishes changes in release versus uptake by analysis of the
falling phase of a single-pulse-evoked increase in [DA]o (Li
et al., 2010; Stouffer et al., 2015; Patel et al., 2019). This
allowed determination of Vmax from dStr and NAc core, in

Figure 1. LepRb expression in the striatum, including in ChI somata and processes. A, LepRb-EGFP-ir in the striatum of LepRbEGFP mice is generally distributed throughout the striatum and
is aggregated in clusters of,1mm to;5mm. A few large neurons also show intense LepRb-EGFP-ir (arrow points to one of these). B, ChAT-ir identifies ChIs in mouse striatum; ChAT-ir is
seen in large perikarya (arrow), and also in extensive processes that radiate throughout the striatum. C, Low-magnification (10�) section through dStr from a LepRbEGFP mouse showing wide-
spread ChAT-ir in neuropil, as well as in sparse ChAT-ir ChI somata. D, The same section showing the distribution of LepRb-ir, including LepRb-ir neurons with varying fluorescence intensity. E,
Merged image showing co-localization of LepRb-ir and ChAT-ir in somata and processes. C–E, Examples of ChIs expressing LepRb-ir are indicated by arrows. F, High magnification (100�) of a
ChAT-ir neuron in dStr from a LepRbEGFP mouse. G, The same neuron showing LepRb-ir throughout the soma and processes. H, Merged image showing co-localization of LepRb-ir and ChAT-ir
in the soma and its processes. Images from LepRbEGFP mice are representative of immunostained sections from three animals. Scale bars: 20mm (A, B, D) and 10mm (G).
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which increases in [DA]o were evoked using single-pulse
stimulation (Li et al., 2010), but not from the NAc shell in
which five-pulse trains were used to provide reliable DA
release. Despite the significant increase in evoked [DA]o seen
with 30 nM leptin (Fig. 2A,B), this concentration had no
effect on Vmax in either dStr or NAc core (Fig. 2C). At 100 nM,
however, leptin caused an increase in Vmax in both regions
compared with time-matched controls in aCSF alone, which
was significantly higher than control in the dStr analyzed using
ANOVA (Fig. 2C), but also in NAc core when compared with
control using a one-tailed unpaired t test (p= 0.0388; dStr: con-
trol, 7.056 0.43 mM/s; 30 nM leptin, 7.136 0.41 mM/s, p= 0.9848
vs control; 100 nM leptin, 9.936 0.40 mM/s, p, 0.0001 vs con-
trol; NAc core: control, 5.746 0.35 mM/s; 30 nM leptin, 5.976
0.33 mM/s, p= 0.8523 vs control; 100 nM leptin, 6.596 0.32 mM/s,
p=0.1269 vs control; ANOVA, n=28–30 per group). These data
support a direct effect of leptin on striatal DA axons. Given that
evoked [DA]o reflects the sum of DA release and DA uptake
(Sulzer et al., 2016), an increase in DA uptake alone would
decrease evoked [DA]o. However, we observed an increase in
evoked [DA]o, thereby revealing that leptin primarily enhances
DA release, and does so at a lower concentration than that
required to increase DA uptake.

Leptin amplifies striatal evoked DA release via ACh and
nAChRs and increases excitability of striatal ChIs
Having established that leptin boosts striatal DA release, we next
asked whether the effect was direct or indirect. Given the

presence of LepRbs in ChIs and their striatal processes (Fig. 1E),
we investigated the possible involvement of ACh, which is
released concurrently with DA during local electrical stimula-
tion, and which powerfully regulates striatal DA release via b 2-
subunit containing nicotinic ACh receptors (b 2*-nAChRs) on
DA axons (Rapier et al., 1990; Wonnacott et al., 2000; Zhou et
al., 2001; Rice and Cragg, 2004; Zhang and Sulzer, 2004; Cragg,
2006; Threlfell et al., 2010, 2012; Cachope et al., 2012; Exley et al.,
2012; Patel et al., 2012). To test whether leptin-induced enhance-
ment of DA release requires activation of nAChRs, we monitored
[DA]o in the presence of a selective antagonist of b 2*-nAChRs,
DHbE. Application of DHbE (1 mM) alone decreased single-
pulse evoked [DA]o (data not shown), as described previously
(Zhou et at., 2001; Rice and Cragg, 2004; Zhang and Sulzer,
2004). In the continued presence of this antagonist, the effect of
leptin (100 nM) was lost in dStr, NAc core and NAc shell, point-
ing to a crucial role for nAChRs in the three striatal subregions
examined (Fig. 3A; dStr, p= 0.2135; NAc core, p= 0.9223; NAc
shell, p=0.5510).

To confirm ACh involvement in leptin-enhanced DA release,
we examined evoked [DA]o in ChAT KO mice bred to lack ACh
synthesis in the forebrain (Patel et al., 2012; Stouffer et al., 2015).
In slices from littermate control mice (ChAT flox/flox), leptin
(100 nM) caused a significant increase in evoked [DA]o in each
striatal subregion (Fig. 3B; dStr, 1936 16% of time-matched re-
cording in aCSF alone, p, 0.0001; NAc core, 1706 18%,
p= 0.0008 of aCSF; NAc shell: 1346 11% increase, p=0.0313;
unpaired t tests, n=26–30 recording sites in six slices from three
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Figure 2. Leptin boosts axonal DA release and uptake. A, Averaged single-pulse-evoked [DA]o versus time in the absence or presence of leptin (30 nM) recorded in dStr, NAc core and shell.
Arrows indicate stimulus onset. Evoked [DA]o was significantly higher in leptin than in time-matched controls in aCSF alone (dStr, 1336 11% of control; NAc core, 1306 14% of control; NAc
shell, 1286 10% of control in NAc shell; n= 30 recording sites from 3 mice for each condition, data normalized to control; *p, 0.05, **p, 0.01; unpaired Student’s t tests). Insets show
representative DA voltammograms recorded in 30 nM leptin and in time-matched controls recorded in each striatal subregion. B, Concentration-dependence of the enhancing effect of leptin on
evoked [DA]o in dStr, NAc core and shell. Leptin-enhanced increases in evoked [DA]o were concentration-dependent in all three subregions (dStr, n= 20–30, F(5,164) = 23.23, p, 0.001; NAc
core, n= 20–30, F(5,164) = 18.66, p, 0.001; NAc shell, n= 20–30, F(5,163) = 21.78, p, 0.001; one-way ANOVA, Tukey’s multiple comparisons tests). Calculated EC50 values are shown with
the data set for each region. C, Vmax values determined from single-pulse evoked [DA]o records using a fixed Km of 0.9 mM in control conditions or in the presence of leptin. Data are mean6
SEM and were analyzed using a one-way ANOVA with Dunnett’s post hoc test for each region; records with a goodness of fit of R2 , 0.95 were omitted (leptin vs control: ns, not significant;
***p, 0.0001; n= 28–30).
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mice per condition); however, in ChAT KO mice, the effect of
leptin was absent in all subregions (Fig. 3B; dStr, p=0.4665; NAc
core, p=0.1390; NAc shell, p= 0.4960 in leptin vs time-matched
aCSF; n=26–30 recording sites in six slices from three mice per
condition). These data confirm that ACh intermediation is
required for leptin-enhanced DA release.

Given previous work showing that insulin enhances DA
release in a nAChR-dependent manner and also increases the
excitability of ChIs in rat striatal slices (Stouffer et al., 2015), we
tested whether leptin might have similar actions on ChIs in
mouse striatal slices. Using current-clamp recording of ChIs in
dStr, we found that depolarizing current steps (100–300 pA)
induced reliable increases in AP generation that showed spike-
frequency adaptation during prolonged current injection,
as described previously (Stouffer et al., 2015; Tubert et al.,
2016). Application of leptin (30 nM) attenuated the spike-frequency
adaptation, with a maximal effect seen after 20–50min of lep-
tin exposure (Fig. 3C). The net result was an increase in AP
number (Fig. 3C,D; baseline, 276 2 APs; leptin 446 5 APs;
p = 0.0007, paired t tests; n = 9 stimulus pairs from three ChIs
from 3 mice). In contrast, ChIs monitored over the same time
period showed no increase in AP number during current injec-
tion in aCSF alone (p. 0.05, paired t test; data not shown).
These data show that LepRbs on ChIs are functional, and provide

an explanation for the nAChR-dependent amplification
of evoked striatal DA release by leptin.

Leptin enhances evoked DA release with regional
differences in signaling pathways
LepRbs are coupled to downstream signal transduction
pathways (Fig. 4A) that use several of the same proteins
required for insulin signaling (Frühbeck, 2006), including
phosphoinositide 3-kinase (PI3K; Shepherd et al., 1998).
Previous studies demonstrated that activation of PI3K by
insulin is necessary for the nAChR-dependent enhance-
ment of evoked striatal DA release (Stouffer et al., 2015).
Based on the nAChR dependence of DA release enhance-
ment by either leptin (Fig. 3A,B) or insulin, signaling
pathways downstream from LepRbs are assumed to be
primarily in ChIs. We first tested whether leptin, like in-
sulin, acts via PI3K by monitoring the effect of leptin (100
nM) on evoked [DA]o in the presence of a PI3K inhibitor,
LY294002 (1 mM; Stouffer et al., 2015), and in time-
matched controls in LY294002 alone. In the continued
presence of this PI3K inhibitor, no change in evoked
[DA]o was seen with leptin (100 nM) in any striatal subre-
gion (Fig. 4B; dStr, p=0.7929; NAc core, p=0.5398; NAc
shell, p=0.9979 in leptin 1 LY294002 vs time-matched
controls in LY294002 alone, unpaired t tests; n=30 re-
cording sites per region and condition from three mice).

Downstream products of PI3K typically stimulate
protein kinases, including protein kinase C (PKC) and
Akt (protein kinase B; Vanhaesebroeck and Waterfield,
1999). To probe the possible involvement of these mole-
cules in mediating leptin effects on striatal DA release,
we applied leptin (100 nM) in the presence of a PKC in-
hibitor, GF109203X (100 nM; Zhu et al., 2005), or in
the presence of an Akt inhibitor, MK-2206 (5 mM; zur
Nedden et al., 2018). Neither inhibitor altered the usual
enhancement of evoked [DA]o by leptin in either dStr
or NAc core (Fig. 4C,D; GF109203X: dStr, 1666 8% of
control, p, 0.0001; NAc, 1376 9% of control, p=0.0055;
MK-2206: dStr, 1876 20% of control, p=0.0003; NAc,
1726 19% of control in NAc core, p= 0.0020 unpaired

t tests, n= 30 sites per region, three mice per condition). In con-
trast, inhibition of either PKC or Akt prevented the effect of
leptin on evoked [DA]o in the NAc shell (Fig. 4C,D; p=0.1252 for
leptin in GF109203X and p=0.9058 for leptin in MK-2206 vs
time matched controls; n=30 sites per region, three mice per con-
dition). These findings suggest regional differences in intracellular
signaling pathways activated by leptin, with greater reliance on
PKC and Akt in NAc shell than in dStr or NAc core.

The finding that leptin, like insulin, activates PI3K suggests
that these hormones might have either a synergistic or an occlu-
sive effect on striatal DA release. We tested this by comparing
the amplitude of evoked [DA]o after co-application of the two
hormones with that in time-matched controls in aCSF or in lep-
tin (100 nM) or insulin (30 nM) alone (Fig. 4E). Analysis by one-
way ANOVA with Tukey’s post hoc multiple comparisons test
in each region showed that in dStr and NAc core, leptin, in-
sulin, or the combination caused significant increases in
evoked [DA]o compared with that in time-matched controls.
The effect of leptin plus insulin was not additive, however, as
evoked [DA]o in the presence of both hormones did not dif-
fer from that in leptin alone in either dStr or NAc core (dStr:
F(3,116) = 24.23; p, 0.00001: leptin, 2076 14% of control,
p, 0.00001; insulin, 1456 10% of control, p = 0.00003;
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Figure 3. Leptin-enhanced evoked [DA]o requires nAChR activation and ACh. A, Average peak evoked
[DA]o in the absence or presence of leptin (100 nM) recorded in the presence of a nAChR antagonist,
DHb E (1 mM). The usual enhancement in evoked [DA]o seen with leptin application (Fig. 2) was abol-
ished in each striatal subregion by DHb E (n= 27–30 recording sites in each region in slices from 3 mice
per condition; mean time-matched control in DHb E alone in each region is 100%; ns, not significant,
unpaired t tests). B, Average peak evoked [DA]o in striatal slices from ChATflox/flox and ChAT KO mice fol-
lowing leptin (100 nM) application (ChATflox/flox-Lep, ChAT KO-Lep); mean time-matched control in each
region for each genotype (ChATflox/flox Con; ChAT KO Con) is 100%. In striatal slices from ChATflox/flox mice,
leptin caused an increase in evoked [DA]o to 1936 16% of time-matched controls in dStr, to
1706 18% of control in NAc core, and to 1346 11% of control in NAc shell, whereas no increase was
seen in any region in KO slices (n= 26–30 recording sites, 3 mice for each experimental condition, data
normalized to control; ***p, 0.001, *p, 0.05; ns, not significant; Student’s unpaired t tests). C,
Representative spiking pattern of striatal ChIs after a sweep of depolarizing current pulses (100, 200, and
300 pA; 3-s duration, 5-s interpulse interval) before (top) and following (bottom) application of leptin (30
nM). Leptin caused a decrease in spike frequency adaptation and an increase in the number of APs
recorded during depolarizing current steps. D, Summary of the effect of leptin on ChI excitability, indi-
cated by AP number during current injection before leptin application and at the peak of the response,
with mean 6 SEM (Con: 276 2 APs, Lep: 446 5 APs; n= 9 paired stimulations, 3 neurons, 3 mice;
***p, 0.001; paired Student’s t test).
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leptin 1 insulin, 1996 15% of control,
p, 0.00001; leptin 1 insulin vs leptin,
p = 0.6403; leptin1 insulin vs insulin, p=
0.0006; n=28–30 sites from three mice
per condition; NAc core: F(3,116) = 15.20;
p , 0.00001: leptin, 1726 18% of con-
trol, p= 0.0002; insulin, 1496 13% of
control, p= 0.0003; leptin 1 insulin,
2046 15% of control, p, 0.00001; lep-
tin 1 insulin vs leptin, p = 0.0953; lep-
tin 1 insulin vs insulin, p = 0.0001; n=
28–30 sites from three mice per con-
dition; Fig. 4E). These data suggest
competition between leptin and insu-
lin for one or more components of
their signaling cascades. The lack of an
additive effect was even more striking in
the NAc shell, where evoked [DA]o in
the presence of leptin plus insulin did not
differ from control in aCSF alone (NAc
shell: F(3,116) = 7.763; p=0.0001: leptin,
1666 17% of control, p=0.0003; insulin,
1586 17% of control, p=0.0006; leptin 1
insulin, 1236 13% of control, p= 0.0763;
leptin 1 insulin vs leptin, p = 0.0070;
leptin 1 insulin vs insulin, p = 0.0152;
ANOVA, n = 28–30 sites from three
mice per condition; Fig. 4E).

Regional differences in the
dependence of leptin-enhanced striatal
DA release on intracellular Ca21 and
Ca21 stores
Given the relatively limited role of PKC
and Akt in the influence of leptin on
DA release, especially in dStr and NAc
core, we turned our attention to another
arm of leptin signaling pathways, which
involves increased intracellular Ca21.
Previous studies found that leptin elicits
a transient elevation of intracellular
Ca21 in neurons (Wang et al., 2008;
Guimond et al., 2014; Mancini et al.,
2014; Gavello et al., 2016). To examine
the role of intracellular Ca21 in the
effect of leptin on DA release, we
recorded evoked [DA]o in the presence
of either of two membrane-permeable
Ca21 chelators, EGTA-AM or BAPTA-
AM. Both agents provide effective global
buffering of intracellular Ca21; however,
faster-acting BAPTA additionally buf-
fers fast Ca21 transients from Ca21

entry at neuronal membranes (Adler
et al., 1991; Eggermann et al., 2011;
Cohen et al., 2016). At the low con-
centrations used, neither EGTA-AM
(20 mM; Ermolyuk et al., 2013) nor
BAPTA-AM (50 mM; Patel et al., 2009)
altered evoked [DA]o significantly compared with time-
matched control measurements in aCSF alone (data not
shown). Each chelator was applied 15–20min before leptin
(100 nM) exposure; multisite sampling of DA release was

initiated 50min after the start of leptin application in the
continued presence of EGTA-AM or BAPTA-AM or in time-
matched controls in chelator alone. Both chelators prevented lep-
tin-induced increases in evoked [DA]o in the dStr and in
NAc core and shell (Fig. 5A–C); in the NAc shell, however,

Figure 4. Subregional differences in signaling pathways involved in DA release regulation by leptin. A, Schematic represen-
tation of key signaling pathways that can be activated by leptin acting at LepRb (based on Frühbeck, 2006). Proteins involved
include: JAK2, Janus kinase 2; Grb2, growth factor receptor-bound protein 2; PI3K, phosphatidylinositol 3-kinase; PIP2, phospha-
tidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-bisphosphate; PLC, phospholipase C; IP3, inositol 1,4,5-trisphos-
phate; DAG, diacylglycerol; PDK1, phosphoinositide-dependent kinase-1; PKC, protein kinase C; JNK, c-Jun N-terminal kinase;
Akt, protein kinase B; mTOR, mammalian target of rapamycin. B, Evoked [DA]o in striatal slices in the absence or presence of
leptin (Lep; 100 nM) in LY294002 (1 mM), a PI3K inhibitor. Leptin-induced enhancement of evoked [DA]o was abolished by
LY284002 in all subregions. C, Evoked striatal [DA]o with or without leptin (100 nM) in the presence of a PKC inhibitor, GF-
109203� (100 nM). Inhibition of PKC had no impact on the effect of leptin in dStr (1666 8% of time-matched control) or
NAc core (1376 9% of control), but prevented the effect of leptin on evoked [DA]o in NAc shell. D, Mean evoked [DA]o in the
absence or presence of leptin (100 nM) in an Akt inhibitor, MK-2206 (5 mM). Inhibition of Akt prevented the effect of leptin in
NAc shell, but not in dStr (1876 20% of time-matched control) or NAc core (1726 19% of time-matched control). For B–D,
mean time-matched control in each inhibitor alone in each region is 100%; ns, not significant; ***p, 0.001; unpaired
Student’s t test; n= 28–30 recording sites per region from 3 mice per condition. E, Average single-pulse-evoked [DA]o in the
presence of leptin (100 nM), insulin (Ins, 30 nM), or 100 nM leptin plus 30 nM insulin (Lep 1 Ins). The presence of insulin did
not significantly affect the leptin-induced enhancement in evoked [DA]o in dStr (1996 15% of time-matched control) or NAc
core (2046 15% of time-matched control); however, in NAc shell, the usual enhancement with either insulin or leptin alone
was lost when the hormones were applied together (dStr, F(3,116) = 24.23, p, 0.0001; NAc core, F(3,116) = 15.20, p, 0.0001;
NAc shell, F(3,116) = 7.763, p, 0.0001; one-way ANOVA, Tukey’s multiple comparisons tests; ns, not significant; *p, 0.05,
**p, 0.01, ***p, 0.001; hormone vs time-matched control;1p, 0.05 leptin vs leptin1 insulin; ##p, 0.001 insulin vs
leptin1 insulin; n= 28–30 recording sites per region).
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BAPTA-AM not only prevented the increase, but led to a
decrease in evoked [DA]o with leptin (736 7% of control;
Fig. 5C; dStr, p = 0.0788; NAc core, p = 0.4489; NAc shell
p = 0.9951 vs time-matched controls with EGTA-AM; dStr,
p=0.3068; NAc core, p=0.4719; NAc shell, p=0.0036 vs time-
matched controls with BAPTA-AM; unpaired t tests; n=30 sites
per region from three mice per condition). The leptin-induced
decrease with BAPTA-AM in NAc shell suggests a role for fast
Ca21 transients triggered by leptin.

We then investigated possible sources of Ca21 recruitment
by leptin, first by impairing Ca21 storage using CPA (30 mM),
an inhibitor of the endoplasmic reticulum Ca21-ATPase (Patel
et al., 2009). The increase in evoked [DA]o with leptin (100 nM)
was completely prevented in the presence of CPA, implicat-
ing a role for intracellular Ca21 stores in the action of leptin
(Fig. 5D–F, dStr, p = 0.2421; NAc core, p = 0.3449; NAc shell,
p = 0.2542 vs time-matched controls; unpaired t tests; n = 30–
40 sites per region in slices from three to four mice per con-
dition). We next tested involvement of receptors known to
gate release of Ca21 from stores using 2-APB (30 mM), an an-
tagonist of inositol 1,4,5-trisphosphate receptors (IP3Rs) that
mediate IP3-induced Ca21 release and dantrolene (10 mM),
an antagonist of ryanodine receptors (RyRs) that facilitate
Ca21-induced Ca21 release (Patel et al., 2009). Leptin-induced
increases in evoked [DA]o were prevented by 2-APB in all three
striatal subregions (Fig. 5D–F, dStr, p=0.8117; NAc core,
p=0.8124; NAc shell, p=0.1001 vs time-matched controls;
unpaired Student’s t test; n=29–30 sites per region from three
mice per condition). By contrast, dantrolene was without effect in
dStr and NAc core (Fig. 5D,E), but did prevent the usual enhanc-
ing effect of leptin in the NAc shell (Fig. 5F), highlighting the

involvement of distinct regulatory pathways
in this region (dStr, 2076 11% of time-
matched controls, p, 0.00001; NAc core:
1736 13% of controls, p=0.00001; NAc
shell: 1226 6% of controls, p=0.0598; un-
paired t tests, n=30 sites per region in slices
from three mice per condition).

Leptin-induced enhancement of DA
release in NAc shell requires NMDA
receptors
The finding that BAPTA-AM not only
prevented, but reversed the enhancing
effect of leptin in the NAc shell suggested
a role for transmembrane Ca21 entry in
ChIs in this region. Given previous evi-
dence that leptin can potentiate NMDA
receptor currents (Shanley et al., 2001;
Neyens et al., 2020; Cochrane et al., 2020),
we compared evoked [DA]o in leptin (100
nM) in the dStr, NAc core, and NAc shell
in the absence or presence of a NMDA re-
ceptor antagonist, D-AP5 (50 mM; Kosillo
et al., 2016). The effect of leptin on evoked
[DA]o persisted in the presence of AP5
in both dStr and NAc core (Fig. 6A,
dStr: 1786 10% of time-matched con-
trols, p = 0.00000; NAc core: 1416 8%
of controls, p= 0.00013; unpaired t tests,
n= 30 sites per region, per condition,
in slices from three mice). However, in
NAc shell, the enhancing effect of leptin
on DA release was absent in AP5 (Fig. 5A,

p= 0.2512; n=30 sites from three mice per condition). NMDA
receptor activation requires depolarization, raising the possibility
that differential involvement of NMDA receptors in NAc shell
versus dStr or NAc core might be a consequence of the brief high
frequency train (five pulses, 100Hz) used in the NAc shell to
provide reliable increases in [DA]o (Stouffer et al., 2015). We
tested the possible influence of stimulation protocol by repeating
leptin application in the presence of AP5 when increases in
[DA]o were evoked in dStr and NAc core using five pulses at
100Hz. Again, however, leptin-enhanced increases in evoked
[DA]o in dStr and NAc core were unaffected by AP5 (Fig. 6B,
dStr: 1726 14% of control in AP5 alone, p=0.00001; NAc core:
1626 18% of control, p= 0.0020; n=29–30 sites per region from
three mice per condition). This result shows that the involve-
ment of NMDA receptors in the NAc shell reflects differences
in local microcircuitry, not differences in stimulation method.

Discussion
Leptin is a highly conserved peptide neuromodulator that con-
tributes to energy homeostasis (Pan and Myers, 2018). Leptin
actions in the arcuate nucleus and other nuclei within the hypo-
thalamus are crucial for maintaining whole-body energy balance
by helping to match food consumption with energy expenditure
and motor output, with additional actions in the nucleus of
the solitary tract helping to signal satiety (Dhillon et al., 2006;
Hawke et al., 2009; Hayes et al., 2010; Ring and Zeltser, 2010;
Neyens et al., 2020). Moreover, leptin has been shown to modu-
late feeding behavior by direct and indirect actions on midbrain
DA neurons (Hommel et al., 2006; Leinninger et al., 2009).

Figure 5. Leptin potentiation of DA release requires intracellular Ca21. A–C, Evoked [DA]o recorded in the absence or pres-
ence of leptin (100 nM) in EGTA-AM (20 mM) or BAPTA-AM (50 mM) in dStr (A), NAc core (B), and NAc shell (C). The usual
increase in evoked [DA]o was prevented in each striatal subregion by EGTA-AM or BAPTA-AM; in the NAc shell, the presence
of BAPTA-AM reversed the effect of leptin, with a decrease in evoked [DA]o observed with leptin application (to 736 7% of
time-matched control in BAPTA-AM alone). For A–C, n= 30 recording sites per region from three sites per condition; mean
time-matched control in each chelator alone in each region is 100% (***p, 0.001; ns = not significant; unpaired Student’s
t test). D–F, Evoked [DA]o in the dStr (D), NAc core (E), and NAc shell (F) recorded in the absence and presence of leptin
(100 nM) in: CPA (30mM), an endoplasmic reticulum Ca21-ATPase inhibitor; 2-APB (30mM), an IP3R antagonist; or dantrolene
(DAN; 10mM), a RyR antagonist. The presence of either CPA or 2-APB prevented the usual effect of leptin in all striatal subre-
gions. In contrast, DAN had no effect on the effect of leptin in dStr (to 2076 11% of time-matched control in DAN alone) or
NAc core (1736 13% of time-matched control), although it prevented the effect of leptin in NAc shell. For D–F, n= 30–40
recording sites per region from three to four mice per condition; mean time-matched control for each region with each drug
is 100% (ns, not significant; ***p, 0.001; unpaired Student’s t test).
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Expression of LepRb in VTA and SNc DA neurons (Scott et al.,
2009; Leshan et al., 2010) implies that leptin might also act in
brain regions that receive DA input from these neurons, includ-
ing the dStr and NAc.

Indeed, we found a direct effect of leptin on DA uptake, with
enhanced uptake in the dStr and NAc core, as suggested by pre-
vious work using NAc synaptosomes (Perry et al., 2010). If this
were the only action of leptin, the net effect would be a decrease
in evoked [DA]o. However, we found the opposite: a concentra-
tion-dependent increase in evoked [DA]o in the presence of
leptin. This result is consistent with a previous in vivo micro-
dialysis study showing an increase in [DA]o in the NAc after
intranasal administration of leptin, an effect that was absent in
LepR-deficient Zucker rats (Neto et al., 2016). Here, we
observed that such increases are mediated indirectly by ChIs,
which are key striatal targets of leptin. A leptin-induced increase
in ChI excitability promotes ACh-dependent enhancement of DA
release through activation of b 2*-nAChRs on DA axons.
Although leptin-enhanced DA release was seen throughout the
striatum, we identified regional variation in the signaling path-
ways underlying these increases, indicating differences in the role
and regulation of leptin’s influence among striatal subregions.

Leptin acts via ACh throughout the striatum
ChIs are key modulators of striatal DA release (Rapier et al.,
1990; Wonnacott et al., 2000; Zhou et al., 2001; Rice and Cragg,
2004; Zhang and Sulzer, 2004; Cragg, 2006; Threlfell et al., 2010,
2012; Cachope et al., 2012; Exley et al., 2012; Patel et al., 2012).
Moreover, striatal ACh tone is affected by physiological state,
including an increase in ACh release in the NAc in the later
stages of feeding behavior (Mark et al., 1992; Avena et al., 2006).
We show here that ChIs express LepRb, and respond directly to
leptin by an increase in excitability. Compared with the abun-
dance of LepRb-expressing neurons in other brain regions like
the hypothalamus, the density of ChIs is low, constituting only
2% of striatal neurons. This low density presumably contributed
to the previous conclusion that LepRb expression was absent in
striatal regions in LepREGFP mice (Leshan et al., 2010; Patterson
et al., 2011). A pivotal role for ChIs in leptin-enhanced DA
release was supported further by the loss of leptin’s effect in dStr
and in the NAc core and shell in the presence of a b 2*-nAChR

selective antagonist in slices from wild-type mice, as well as in sli-
ces from ChAT KOmice lacking ACh synthesis.

Together, our findings highlight the ability of leptin to modu-
late the release of ACh and DA throughout the striatum, suggest-
ing that leptin could influence both motor and motivated
behaviors. Interestingly, previous studies have shown that periph-
erally or centrally administered leptin can dampen reward-related
behaviors, and can even reverse the usual rewarding effects of su-
crose or a high-fat diet (Domingos et al., 2011; Figlewicz et al.,
2001, 2006; Bruijnzeel et al., 2011). Moreover, leptin administra-
tion can attenuate acute food deprivation-induced relapse to drug
seeking (Morton et al., 2009). One explanation for these effects is
that leptin inhibits the firing rate of VTA DA neurons (Hommel
et al., 2006; Domingos et al., 2011; Trinko et al., 2011), which
would be expected to decrease DA release in target regions in the
striatum. However, our data showing that acute leptin elevation in
the striatum increases axonal DA release through actions on ChIs
suggest potential independence of DA release from changes in DA
neuron activity. In support of such local regulation, baseline
[DA]o and evoked DA release in the NAc are decreased in leptin-
deficient ob/ob mice, and amphetamine-induced locomotion and
sensitization are also lower in the absence of leptin compared to
wild-type animals (Fulton et al., 2006). Thus, an alternative expla-
nation for decreased attenuation of food reward following periph-
eral or central administration of leptin is that this exogenous
leptin interferes with enhancement of DA release by endogenous
leptin (and insulin) following food intake.

Regional difference in signaling pathways underlying the
effect of leptin on DA release
The dependence of leptin-enhanced increases in striatal [DA]o
on ACh and nAChRs, appears to reflect signaling pathways initi-
ated by leptin primarily in striatal ChIs. Our results indicate that
leptin acts via PI3K to mobilize Ca21 from intracellular stores in
an IP3R-dependent manner. Previous studies have shown that
PI3K is also required for insulin-induced enhancement of striatal
DA release (Stouffer et al., 2015). Consistent with the role of
PI3K in the action of both hormones, the effect of leptin applied
together with insulin on evoked [DA]o did not differ from the
effect of leptin alone. This raises the possibility that high circulat-
ing levels of leptin, which are proportional to body weight, might
be a contributing factor in the loss of the ability of insulin to
enhance DA release in rats on a high-fat, high-sugar diet that
promotes weight gain (Stouffer et al., 2015). Additionally, our
data showing that leptin, like insulin, can catalyze interactions
between ACh and DA (for review, see Cragg, 2006), point to the
striatum as a locus of signal integration by these metabolic
hormones.

Unexpectedly, we found that two additional signaling pro-
teins, Akt and PKC, were involved in the increase of evoked
[DA]o induced by leptin in the NAc shell, but not in dStr or NAc
core. Both Akt and PKC act downstream from PI3K (Fig. 4A).
Enhancement of [DA]o in the NAc shell also involved activa-
tion of RyRs, which are intracellular Ca21 channels activated
by Ca21, including by Ca21 entry through NMDA receptors
(Schmitz et al., 2009). Based on previous work showing that
leptin can enhance NMDA receptor signaling (Shanley et al.,
2001; Cochrane et al., 2020; Neyens et al., 2020) and that Akt
and PKC are implicated in NMDA receptor trafficking and
gating (Lan et al., 2001; Lin et al., 2006; Yan et al., 2011; Chen
and Roche, 2009), we hypothesized that similar processes
might occur in striatum. The involvement of NMDA receptors
in leptin-induced enhancement of evoked striatal [DA]o

Figure 6. Activation of NMDA receptors in NAc shell contributes to leptin-enhanced
evoked [DA]o. A, Mean evoked striatal [DA]o 6 SEM in striatal slices exposed to leptin (100
nM) in the presence of D-AP5 (50 mM), an NMDA receptor antagonist; mean time-matched
control in D-AP5 alone in each region is 100%. D-AP5 prevented the usual enhancement of
evoked [DA]o by leptin in NAc shell, but not in dStr (1786 10% of time-matched control) or
in NAc core (1416 8% of time-matched control). B, Evoked [DA]o in dStr and NAc core
using the same brief pulse-train stimulus (5 pulses, 100 Hz) used to evoked DA release in
NAc shell, recorded in the absence or presence of leptin in D-AP5 (50 mM; arrows indicate
stimulus onset). As seen with single stimulation (A), NMDA receptor antagonism by D-AP5
had no effect on the enhancement of evoked DA]o by leptin in either dStr (1726 14% of
time-matched control) or NAc core (1626 18% of time-matched control; n= 30 sites per
region from 3 mice per condition; mean time-matched control in D-AP5 alone in each region
is 100%; ns, not significant; ***p, 0.001; unpaired Student’s t test).
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proved to be the case, but only in the NAc shell, not in dStr
or NAc core. This implies amplification of glutamatergic sig-
naling by leptin, in addition to the enhanced ACh-DA inter-
actions already discussed. Although there is evidence for
NMDA receptors on DA axons in the ventral striatum
(Gracy and Pickel, 1996), our data are consistent with gluta-
matergic action on ChIs instead of DA axons, given that the
effect of leptin on evoked [DA]o was lost in ChAT KO mice.
Notably, our data also argue against a role for glutamate co-
released by ChIs, as glutamate released by ChIs in NAc shell
causes an inhibition of DA release via metabotropic gluta-
mate receptor activation (Sakae et al., 2015). Future studies
will be required to clarify whether an increased contribution
of NMDA receptors in NAc DA release regulation is the
result of an increase in receptor density or enhanced gluta-
mate release, or both, as well as to identify the source(s) of
regulatory glutamate.

In conclusion, our findings demonstrate that leptin conveys
information to the striatal network by upregulating ACh and DA
release, and may also enhance glutamate transmission. specifi-
cally in the NAc shell. By revealing local striatal microcircuits
activated by leptin, our results point to unexpected sites of action
in the basal ganglia. The data also contribute to the understand-
ing of interactions among ACh, DA and glutamate in ingestive
behavior and in obesity, which is a pathologic state involving
perturbation of striatal function, as well as that of other brain
regions (Ferrario et al., 2016). For example, glutamate input
from cortex to the NAc contributes to DA-dependent reward-
related behaviors (Kalivas et al., 2005; Berridge et al., 2009),
which our findings suggest could be modulated by leptin.
Similarly, DA-ACh interactions in the dStr and NAc contribute
to the regulation of movement, with imbalance contributing to
motor disruption in Parkinson’s disease and in rodent models of
Parkinson’s (Hoebel et al., 2007; Quik and Wonnacott, 2011;
McKinley et al., 2019; Ztaou and Amalric, 2019). Consequently,
the findings reported here could point to new therapeutic strat-
egies for disorders of motivated behavior characterized by dys-
regulated appetite and satiation (e.g., binge eating, bulimia, and
anorexia), and potentially movement disorders (e.g., Parkinson’s
disease and Huntington’s disease) in which circulating leptin lev-
els are disrupted (Popovic et al., 2004; Lorefält et al., 2009).
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