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Projections from the lateral hypothalamic area (LHA) innervate components of the mesolimbic

dopamine (MLDA) system, including the ventral tegmental area (VTA) and nucleus accumbens

(NAc), to modulate motivation appropriately for physiologic state. Neurotensin (NT)-containing

LHA neurons respond to multiple homeostatic challenges and project to the VTA, suggesting that

these neurons could link such signals to MLDA function. Indeed, we found that pharmacogenetic

activation of LHA NT neurons promoted prolonged DA-dependent locomotor activity and NAc DA

efflux, suggesting the importance of VTA neurotransmitter release by LHA NT neurons for the

control of MLDA function. Using a microdialysis-mass spectrometry technique that we developed to

detectendogenousNTinextracellularfluid inthemousebrain,wefoundthatactivationofLHANTcells

acutely increased the extracellular concentration of NT (a known activator of VTA DA cells) in the VTA.

IncontrasttotheprolongedelevationofextracellularNAcDA,however,VTANTconcentrationsrapidly

returnedtobaseline. Intra-VTAinfusionofNTreceptorantagonistabrogatedtheabilityofLHANTcells

to increase extracellular DA in the NAc, demonstrating that VTA NT promotes NAc DA release. Thus,

transient LHA-derived NT release in the VTA couples LHA signaling to prolonged changes in DA efflux

and MLDA function. (Endocrinology 156: 1692–1700, 2015)

Dopamine (DA)-containing neurons of the ventral teg-
mental area (VTA) project widely in the forebrain,

including to the nucleus accumbens (NAc); the release of
DA within the NAc mediates motivation and is required
for volitional activity (1). Indeed, artificial activation of
the VTA3NAc mesolimbic DA (MLDA) circuit underlies
the motivating properties of natural rewards and drugs of
abuse. Under normal conditions, a variety of physiologic
and environmental parameters modulate NAc DA release
to control motivation appropriately for conditions. Many

physiologic parameters (including those related to fluid
balance, energy stores, endocrine status, and infection) are
initially sensed in the hypothalamus (2), which integrates
these inputs and relays a composite signal to the MLDA
and other effector systems.

The lateral hypothalamic area (LHA) represents the
major link between the hypothalamus and the MLDA sys-
tem. Indeed, animals will self-administer electrical or op-
togenetic stimulation of lateral hypothalamic neurons (in-
trahypothalamic self-stimulation), consistent with the
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motivating properties of LHA output (3, 4). Specific sub-
sets of LHA neurons likely mediate distinct aspects of
MLDA regulation. LHA neurons that contain the neuro-
peptide hypocretin (HCRT) (also known as orexin) proj-
ect to the VTA and promote MLDA activity (5, 6). Mel-
anin-concentrating hormone-containing LHA neurons
project to the NAc (among other places) and modulate
motivated behaviors such as feeding (7).

The peptide neurotensin (NT) has been implicated in
control of feeding and the MLDA system. A substantial
percentage of VTA DA neurons express NT receptor 1
(NTR1), administration of NT in rodents activates VTA
DA neurons and stimulates DA release in the NAc, and NT
injection acutely decreases feeding and alters locomotor
activity (8–12). NT neurons are found throughout the
brain, including the LHA. LHA NT neurons innervate and
inhibit local LHA HCRT neurons, as well as projecting
directly to the VTA (4, 13, 14). Many LHA NT neurons
express the leptin receptor (LepRb) and thus respond di-
rectly to leptin (an adipokine that signals the repletion of
body energy stores); ablation of LepRb from LHA NT
neurons prevents the inhibition of HCRT neurons by lep-
tin and blunts MLDA function and locomotor activity
(13). Furthermore, many VTA DA neurons contain NTR1
and NT can augment the activity of VTA DA neurons (by
enhancing the postsynaptic response to Glu on N-methyl-
D-aspartate receptors) (8). Similarly, intrahypothalamic
self-stimulation for optogenetic activation of LHA neu-
rons is blunted by NTR1 antagonists (4). Thus, LHA NT
neurons, by releasing NT into the VTA, could modulate
MLDA function to link hypothalamic signals to NAc DA
release. Here, we interrogate this putative circuit by phar-
macogenetically activating LHA NT neurons to examine
VTA and NAc neurotransmitter release, along with resul-
tant locomotor behavior.

Materials and Methods

Animals
Adult mice (8–12 wk of age) were used for all experiments.

All animals were bred in our colony in the Unit for Laboratory
Animal Medicine at the University of Michigan in accordance
with the guidelines and approval of the University Committee on
the Care and Use of Animals. Mice were housed in a temperature
and humidity controlled room with 12-hour light, 12-hour dark
cycles with access to food and water ad libitum. Adequate mea-
sures were taken to prevent animal pain and discomfort through-
out the course of the experiments. In addition, all animal exper-
iments were conducted within the guidelines of Animal Research
Reporting in vivo Experiments. The Ntcre, Rpl22tm1.1Psam

(Rpl22-HA reporter), Gt(ROSA)26Sortm14(CAG-tdTomato)Hze

(ROSA26-tdTomato), and GAD1-GFP mouse lines have been
previously described (13, 15, 16). The Ntcre and Rpl22tm1.1Psam

or Gt(ROSA)26Sortm14(CAG-tdTomato)Hze mice were intercrossed
to generate compound heterozygous reporter mice (Ntcre-HA
and Ntcre-tdTomato, respectively).

Stereotaxic injection and VTA cannulation
Ntcre mice were anesthetized via isoflurane before the initiation

of surgical procedures. Stereotaxic viral injections were made bi-
laterally into the LHA with a guide cannula and injector using the
next coordinates: anterior-posterior �1.34, medial-lateral �1.13,
dorsal-ventral �5.2. 300 nL of adenovirus-associated virus (AAV)-
hM3Dq-mCherry (17, 18) (prepared by the University of Iowa or
University of North Carolina Vector Core) was injected into the
LHA using a 500-nL Hamilton syringe at the rate of 20 nL/min.
Bilateral injections were performed in animals receiving AAV-
hM3Dq to ensure adequate infection. After 5 minutes of time after
injection, the injector and cannula were removed from the animal
and the incision site was closed. Mice were allowed 1–2 weeks to
recover before experimentation.

For experiments requiring intra-VTA injection of the water sol-
uble NT1R antagonist, SR142948A (Sigma), mice were implanted
with an indwelling 26-guage stainless steel cannula with a remov-
abledummyinjector (PlasticsOne)aimedat theVTAusing thenext
coordinates: AP �3.2, ML �0.5, DV �4.3. After 1 week of recov-
ery, the dummy was removed and replaced with an injector with a
4.4-mm projection used to deliver 65 nL of SR142948A (5�M), 15
minutes before ip clozapine-N-oxide (CNO) administration.

Metabolic and behavioral profiling
Ntcre;LHA-hM3Dq-mCherry mice (n � 5) were analyzed via

the Comprehensive Laboratory Monitoring System (Columbus
Instruments), as previously described (13). Briefly, mice were
placed into the sealed chambers with ad libitum access to food
and water. After 2 days of acclimation, animals were treated with
vehicle for 2 days and then with CNO (0.3 mg/kg, IP) for 2 days;
treatments were every 12 hours (6 AM and 6 PM). Oxygen con-
sumption (VO2), carbon dioxide production (VCO2), sponta-
neous motor activity, and Z-activity were monitored continu-
ously during this time. Data shown are for the first 12 hours after
each treatment.

Open-field activity was determined in separate cohorts of
Ntcre;LHA-hM3Dq-mCherry mice (n � 6–8). Mice were re-
moved from their home cages during the light-cycle and accli-
mated for 2 hours in an open-field arena (ENV-017M; Med
Associates, Inc) in the absence of food and water. After accli-
mation, open-field activity was recorded every minute after 30
minutes of baseline, 30 minutes after saline injection, 30 minutes
after antagonist injection (when applicable), and 90 minutes af-
ter CNO. For experiments involving dopamine receptor 1 (D1R)
antagonism, mice were pretreated with the D1R antagonist,
SCH23390 (0.1 mg/kg, ip, dissolved in PBS; Sigma), 30 minutes
after vehicle administration and 30 minutes before CNO
treatment.

Mouse locomotor behavior during microdialysis (n � 6) was
monitored using Logitech webcams above a Raturn (Bioanalyti-
cal Systems, Inc) as previously described (19, 20). Webcams used
a custom motion-monitoring program (Mark Dow) through im-
age acquisition toolbox in Matlab 2009 (Mathworks, Natick)
software. Threshold of motion detection software was selected
to not detect small motions (such as breathing or whisker move-
ment) but only large motions such as walking, running, and

doi: 10.1210/en.2014-1986 endo.endojournals.org 1693
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rearing. Data were collected every 1 minute and then binned into
longer intervals to correlate to facilitate comparisons with data
from neurochemical assays.

Perfusion fixation and immunohistochemistry
After experimentation, all mice were perfused with fixative to

verify viral, indwelling cannula, and/or microdialysis probe
placement. Mice were only included in the results if mCherry

expressing cell bodies were confined to the LHA, and histological
analysis revealed correct cannula placement.

Animals receivedanoverdoseof sodiumpentobarbital andwere
then perfused transcardially with PBS (pH 7.4) followed by 10%
formalin. The brain was removed and postfixed in 10% formalin
for 2–4 hours and then dehydrated in 30% sucrose in PBS until the
time of sectioning. Brains were cut on a freezing sliding microtome
in 30-�m coronal sections on a sliding microtome, collected in 4

representative series, and stored at �20°C
in cryoprotectant. Sections were thor-
oughly washed with PBS to remove the
cryoprotectant before immunostaining.

To immunostain for the product of the
Fos gene (cFos), free-floating brain sec-
tions were pretreated consecutively with
the next reagents in PBS: 1% H2O2, 0.3%
glycine, and 0.03% sodium dodecyl sul-
fate. Samples were then blocked in 3%
normal donkey serum/3% Triton X-100
in PBS and then incubated with goat anti-
cFos (1:1000; Santa Cruz Biotechnology,
Inc) overnight in the same buffer. Sections
were washed in PBS, incubated in biotin-
ylated donkey-antigoat (1:200; Jackson
ImmunoResearch) for 2 hours, followed
by avidin-biotin-complex labeling (Vec-
tastain Elite kit; Vector Laboratories). Sig-
nals were developed with metal-enhanced
diaminobenzidine (Thermo-Pierce) result-
ing in a brown precipitate.

For mCherry/tdTomato and hemaglu-
tinin (HA) immunostaining, sections were
blocked as described above and then incu-
bated in rabbit anti-red fluorescent protein
(dsRed) (1:1000; Clontech) or mouse
anti-HA (1:1000; Covance) overnight,
respectively. Brain sections were washed
and then incubated with Alexa Fluor-
conjugated secondary antibodies (1:200;
Invitrogen). Sections were mounted onto
gelatin-coated slides and coverslipped
with ProLong Antifade mounting me-
dium (Life Technologies) (for antibodies,
see Table 1).

Microscopy and image analysis
Microscopic images were obtained us-

ing an Olympus BX-51 microscope with a
DP30BWcamera(Olympus). Images from
fluorescent labeling experiments were
pseudocolored and merged using Adobe
Photoshop.

Figure 1. Activation of LHA NT neurons increases cFOS in LHA NT cells and in the NAc. Cre-

inducible AAV-hM3Dq-mCherry was injected unilaterally into the LHA of male Ntcre HA (A, A’,

and A”) or bilaterally into the LHA of Ntcre mice (B–F). A, A’, and A”, Representative image

showing NT-HA-IR (A), mCherry-IR (A’), and merged channels (A”) in the LHA. Arrows denote

representative colocalized cells. B, Representative image of mCherry-IR in the hypothalamus after

bilateral injection. C and D, Animals were injected with vehicle (Veh; ip) (C) or CNO (0.3 mg/kg,

ip) (D) and perfused 2 hours later. Shown are representative images of mCherry-IR (red) and

cFOS-IR (purple, pseudocolored). Arrows denote colocalized neurons. F, fornix; 3v, third cerebral

ventricle. E and F, Representative images showing cFOS-IR (black) after Veh (E) or CNO (F) in the

NAc. aca, anterior commissure.

Table 1. Antibody Table

Peptide/Protein
Target

Antigen Sequence
(if known)

Name of
Antibody

Manufacturer, Catalog Number,
and/or Name of Individual
Providing the Antibody

Species Raised in;
Monoclonal or
Polyclonal

Dilution
Used

cFos Anti-cFOS Santa Cruz Biotechnology, Inc Goat 1:1000
dsRed Anti-dsRed Clontech Rabbit 1:1000

1694 Patterson et al LHA3VTA NT Signaling Controls NAc DA Endocrinology, May 2015, 156(5):1692–1700
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Microdialysis, analysis of amino acid (AA), and

neuropeptide concentrations
Custom-made side-by-side microdialysis probes (1-mm dia-

lyzing membrane) were inserted into NAc or VTA using the next
coordinates: AP �1.30, ML �1.20, DV �4.85; and AP �2.98,
ML �0.48, DV �5.17, respectively. For the monoamine and AA
assay, probes were made using regenerated cellulose (Spectrum
Laboratories) and inserted bilaterally in the NAc. For neuropeptide
measurement in the VTA, probes were made using AN69 mem-
brane (Hospal) and a single probe was inserted. For NT antagonist
experiments, a dialysis probe was implanted in the NAc and a mi-
croinjection cannula (Plastics One) was implanted in the ipsilateral
VTA. Probes and cannulae were secured with skull screws and
acrylic dental cement. After surgery, mice were allowed to recover
for 24 hours with free access to food and water.

Experiments were performed 24 hours after probe implanta-
tion. Microdialysis probes were flushed at a flow rate of 2 �L/min
with artificial cerebrospinal fluid for 30 minutes using a Fusion 400
syringe pump (Chemyx). Perfusion flow rate was then reduced to 1
�L/min for monoamine and AA assay or 0.6 �L/min for the NT
assay and allowed to flush for an additional 1.5 hours before base-
line collections.

Samples were collected every 5 minutes for monoamine and AA
assay in the NAc and every 20 minutes for the monoamine and AA
and NT assays in the VTA. The total volume of dialysate for VTA
NT was 12 �L, of which 3 �L were removed, and 1 �L acetonitrile
was added for analysis by the monoamine and AA assay described
below.

Monoamine and AA analysis
Samples were analyzed according to a slightly modified ver-

sion of a recently described method (21). To 5-�L samples, we
added 2.5 �L of 100mM sodium tetraborate, 2.5 �L of benzoyl
chloride (2% in acetonitrile vol/vol), 2.5 �L of internal standard,
and 2.5-�L d4-acetylcholine internal standard before liquid
chromatography-mass spectrography (LC-MS) analysis. For
VTA, 3-�L samples 1.5 �L of each reagent listed above were
added before LC-MS analysis. Samples were analyzed using a
Waters nanoAquity UPLC equipped with an Acquity HSS T3
C18 column (1 � 100 mm, 1.8 �m, 100-Å pore size) interfaced to
an Agilent 6410 triple quadrupole mass spectrometer. Mobile
phase A consisted of 10mM ammonium formate and 0.15% (vol/
vol) formicacid inwater.MobilephaseBwasacetonitrile.The flow
rate was 100 �L/min, and sample injection volume was 5 �L. The
mobile phase gradient was: initial, 0% B; 0.01 minutes, 23% B;
2.51 minutes, 23% B; 3 minutes, 50% B; 5.2 minutes, 60% B; 6.46
minutes, 65%; 6.47 minutes, 100% B; 7 minutes, 100% B; 7.01
minutes, 0% B; and 8.0 minutes, 0% B. Peaks were processed using
Agilent MassHunter Workstation Quantitative Analysis for QQQ
version B.05.00.

NT detection with capillary LC-MS
NT was measured using a capillary LC-MS method similar to

that previously described (19, 22). Capillary columns and elec-
trospray ionization emitter tips were made in-house (19). Five-
microliter samples were injected using a WPS-3000TPL au-

tosampler, desalted by rinsing the
column with 0.1% formic acid in water
at 3500 psi for 8 minutes using a 100DM
high pressure syringe pump (Teledyne
ISCO), and then separated by a gradient
elution with an Agilent 1100 HPLC
pump. For the gradient, mobile phase A
was 0.1% formic acid in H2O and mo-
bile phase B was 0.1% formic acid in
MeOH. The mobile phase gradient was
as follows: initial, 10% B; 2 minutes,
100% B; 6 minutes, 100% B; 6.1 minute,
10% B; and 8 minutes, 10% B. A Valco
6-port valve was used to switch between
loading/desalting and elution. Assays
were controlled automatically using
Thermo-Fisher Xcalibur software.

The column was interfaced to a PV-
550 nanospray electrospray ionization
source (New Objective) coupled to a
Thermo-Fischer LTQ XL linear ion trap
mass spectrometer. The MS2 pathway for
NT (doubly charged) was m/z 558.7 3
m/z 579.0 with an isolation width set at 3
m/z. Standard addition tests with NT
showed that there was no significant effect
of artificial cerebrospinal fluid matrix. In
vitro recovery of NT was 14 � 1%.

Statistics
Student’s t test was used when only 2

groups were compared. One-way ANOVA
with Bonferroni post hoc analysis was
used when comparing 3 or more groups.

Figure 2. Activation of LHA NT neurons increases ambulatory activity and energy expenditure.

Ntcre;LHA-hM3Dq-mCherry mice were acclimated to the Comprehensive Laboratory Monitoring

System (CLAMS) for 2 days and treated with vehicle (Veh; ip) or CNO (0.3 mg/kg, ip) on separate

days. Ambulatory activity (A and C), Z-activity (B), VO2 (D) and VCO2 (E) (both corrected for lean

body mass), food intake (F), and change in body weight (G) are plotted for the subsequent 12

hours. All data are plotted at mean � SEM, n � 8. Significance was determined by Student’s t

test. *, P � .05; **, P � .01; ***, P � .001.

doi: 10.1210/en.2014-1986 endo.endojournals.org 1695
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Data were analyzed and graphs were generated using GraphPad
Prism software. Differences were deemed significant if P � .05.
Activity data are binned and presented as mean � SEM. All in
vivo microdialysis data are expressed as percent baseline � SEM.

Results

Activation of LHA NT neurons promotes

DA-dependent activity

LHA NT neurons respond to a variety of physiologic
signals (including nutritional cues, dehydration, and in-
flammation), and are hypothesized to play a role in the
modulation of motivated behaviors, including locomotor
activity, in response to these signals (13, 23, 24). To un-
derstand the function of LHA NT cells and the neural
mechanisms by which they mediate their effects, we em-
ployed the stereotaxic injection of AAVs that mediate
the cre-dependent expression of designer receptors
exclusively activated by designer drugs (DREADDs) (ex-
pressed as DREADD-mCherry fusion proteins) (17, 18).
DREADDs are genetically engineered muscarinic receptor
variants that are insensitive to endogenous ligands, but
which are activated by the otherwise biologically inert
CNO (17, 18); CNO activates neurons containing the Gq-
coupled hM3Dq DREADD variant. To confirm the cre-
dependent expression of hM3Dq-mCherry in LHA NT
neurons after viral injection, we performed unilateral in-
jections of AAV-hM3Dq-mCherry into the LHA of
Ntcre-HA mice, which express an HA epitope-tagged ri-
bosomal protein (16). Immunostaining against HA and
mCherry demonstrated the restriction of hMD3q-mCherry to
LHA NT-HA neurons (Figure 1A).

To examine the response to activation of LHA NT cells,
we injected the activating AAV-hM3Dq-mCherry bilater-
ally into the LHA of Ntcre animals (Figure 1B) and, after
at least 1 week of recovery, treated these Ntcre;LHA-
hM3Dq-mCherry animals with vehicle or CNO (Figure 1,
C and D). CNO treatment increased cFos-immunoreac-
tivity (IR) in the LHA; this cFos-IR was mainly restricted
to mCherry-IR neurons (Figure 1, C and D), consistent
with the CNO-dependent activation of hM3Dq-mCherry-
expressing LHA NT cells. CNO also increased cFOS-IR in
the NAc, consistent with the notion that LHA NT neurons
modulate the MLDA system (Figure 1, E and F).

We also treated Ntcre;LHA-hM3Dq-mCherry animals
with vehicle or CNO in a metabolic chamber to determine
the potential effect of LHA NT cell activation on locomo-
tor activity and VO2 (Figure 2, A–G). Pharmacogenetic
activation of LHA NT cells nearly doubled ambulatory
activity, and increased Z-axis activity by 8-fold during the
3 hours after CNO. Activation of LHA NT cells also in-

creased VO2 and VCO2, consistent with the increased lo-
comotor activity exhibited by these animals. Thus, the
activation of LHA NT cells promotes locomotor activity
in vivo.

We have previously shown that, outside of the LHA,
synaptic terminals from LHA NT cells primarily target
midbrain regions, including the VTA (13). Because NT
can enhance the activity of VTA DA cells (4, 25) and the
release of VTA-derived DA into the striatum promotes
locomotor activity (26), and we observed increased
cFOS-IR in the NAc after activation of LHA NT cells, we
examined the potential role for DA in the locomotor ac-
tivity that accompanies the hM3Dq-mediated activation
of LHA NT cells (Figure 3). Systemic administration of the
D1R antagonist, SCH23390, did not significantly reduce
baseline locomotor activity of animals in activity cham-
bers but blunted the hM3Dq-mediated increase in activity
to baseline levels. Thus, the activation of LHA NT cells
promotes DA-dependent locomotor activity, suggesting
that activation of LHA NT neurons promotes DA release
in the NAc.

To assess this possibility, we performed in vivo micro-
dialysis to examine the release of DA and its metabolites
in the NAc of mice after the pharmacogenetic activation of
LHA NT neurons in Ntcre;LHA-hM3Dq-mCherry ani-
mals (Figure 4 and Supplemental Figure 1). Locomotor
activity was acutely increased by the injection of vehicle,

Figure 3. Blockade of ambulatory activity induced by hM3Dq-

mediated activation of LHA NT neurons is blocked by peripheral

administration of a D1R antagonist. Ntcre;LHA-hM3Dq-mCherry mice

were acclimated to an open field area for 2 hours during the light

cycle, after which time, their activity was monitored for 30 minutes

after vehicle or CNO (0.3 mg/kg, ip) administration. Additional animals

were pretreated with an ip injection (0.1 mg/kg) of the D1R

antagonist, SCH23390 (SCH), 30 minutes before CNO administration.

Activity (counts per min) is binned for the 30 minutes after vehicle

(�/� SCH) and averaged per 30 minutes for CNO treatment

(�/� SCH). All data are plotted as mean � SEM, n � 7–8. Significance

was determined by repeated measures ANOVA followed by Bonferroni

post hoc analysis. Different letters indicate significant differences (P �

.001); all other comparisons P � .05.
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although activity returned to base-
line before the injection of CNO,
which promoted a larger and sus-
tained increase in locomotor activity
(Figure 4A, consistent with Figures 2
and 3). Although neither the extra-
cellular concentration of DA nor its
metabolites (3,4-dihydroxyphenyl-
acetic acid (DOPAC), 3-methyl ty-
rosine (3MT), and HVA) were al-
tered by the injection of vehicle,
CNO doubled the extracellular con-
centration of DA, which (like loco-
motor activity) peaked 30 minutes
after CNO injection and remained
elevated for at least the next 90 min-
utes. CNO also significantly increased
the extracellular concentrations of
DOPAC, 3MT, and HVA; the peaks
of 3MT and HVA were prolonged rel-
ative to DA and DOPAC, consistent
with the requirement for the cellular
uptake of DA or DOPAC for the pro-
duction of 3MT and HVA by intra-
cellular monoamine oxidase. The in-
crease in these metabolites also
supports the notion that the in-
creased extracellular DA observed
reflects enhanced release rather than
decreased DA reuptake. Thus, the
activation of LHA NT neurons pro-
motes NAc DA efflux, consistent
with the DA dependence of the en-
hanced locomotor activity exhibited
by mice after the activation of LHA
NT cells.

Our finding that LHA NT cells
project to the VTA, but not the NAc
(13), suggests that neurotransmitters
released by LHA NT neurons into the
VTA act on DA neurons to promote
the release of DA in the NAc. Because
NT can postsynaptically increase
N-methyl-D-aspartate-dependentGlu
signaling in VTA DA neurons (4),
we implanted microdialysis cannulae
in the VTA of Ntcre;LHA-hM3Dq-
mCherry animals and measured the
extracellular concentration of NT (as
well as GABA and Glu) in the VTA at
baseline, after vehicle treatment, and
after CNO administration (Figure 5).

Figure 4. Extracellular DA and metabolites in NAc of Ntcre;LHA-hM3Dq-mCherry mice.

Bilateral microdialysis probes were implanted into the NAc to monitor the effect of hM3Dq-

mediated activation of LHA NT neurons. Vehicle was administered at t � �30 minutes,

followed by CNO (0.3 mg/kg, ip, at t � 0 min) (arrows). Locomotor behavior from

quantification of video (A) during microdialysis. Dialysate was assessed for (B) DA, (C)

DOPAC, (D) 3MT, and (E) HVA. Locomotor behavior is shown as movement counts � SEM.

All in vivo microdialysis data are expressed as percent baseline � SEM; n � 6 – 8. Left panels

show data in 5-minute bins; right panels show 30-minute bins. Significance was determined

by one-way ANOVA followed by Bonferroni post hoc analysis. Different letters indicate

significant differences (P � .05).
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Although LHA NT neurons express Gad1 (a marker of
GABA neurons) (Figure 5A), CNO did not detectably in-
creasetheextracellularconcentrationsofGABAorGluinthe
VTA (Figure 5, B and C). In contrast, however, the extracel-
lular concentration of NT increased by almost 2-fold during
the 20 minutes after CNO treatment (Figure 5D), demon-
strating that the activation of LHA NT neurons promotes
NT efflux into the VTA. Importantly, VTA NT concentra-
tions return to baseline within 20 minutes of stimulation,
suggesting that CNO-mediated activation of LHA NT cells
promotes acute (rather than prolonged) VTA NT release.

To directly examine the possibility that LHA NT neu-
rons may promote NAc DA efflux by acutely releasing NT
into the VTA, we implanted VTA injection cannulae along
with NAc microdialysis cannulae in Ntcre;LHA-hM3Dq-
mCherry animals to examine extracellular DA in the NAc
in the presence of VTA-applied SR14298A (an antagonist
of NT1 receptors) (Figure 6 and Supplemental Figure 1).
Although the application of SR14298A into the VTA did
not alter NAc DA concentrations in the absence of CNO
treatment, it abrogated the ability of activated LHA NT
cells to promote NAc DA efflux. Thus, the acute release of
NT into the VTA by LHA NT neurons promotes pro-
longed NAc DA efflux.

Discussion

Our present results reveal that LHA
NT neurons stimulate NAc DA re-
lease to promote motivated behav-
iors such as ambulatory activity,
thus revealing an important function
for these cells. Additionally, we have
mapped the circuits and mechanisms
by which LHA NT neurons mediate
this effect: LHA NT neurons project
to the VTA, where they promote
acute NT release; NT acts on NTR1
in the VTA to promote prolonged
NAc DA release (Figure 6C).

In addition to the use of genetic
(eg, Ntcre, AAV-hM3Dq-mCherry)
and pharmacologic techniques, this
analysis required the fabrication and
use of microdialysis probes small
enough to permit the neuroanatomi-
cally precise sampling of extracellu-
lar fluid in the mouse NAc and VTA,
as well as the development of tech-
niques to quantitatively measure NT
at physiologic concentrations in the
resultant samples. To our knowl-

edge, this represents the first report to measure changes in
neuropeptide release in the intact mouse; this technique
enabled us to directly assess the timing and amplitude of
intra-VTA NT release induced by pharmacogenetic acti-
vation of LHA NT neurons. The requirement that we col-
lect sufficient sample volume to permit NT detection by
subsequent MS analysis dictates a prolonged (20 min)
sampling time, thus limiting temporal resolution. Even so,
it is clear that DREADD-mediated activation of LHA NT
neurons promotes acute NT release and also that VTA NT
concentrations return to baseline by 20 minutes after
stimulation.

In contrast to the rapid rise and fall of VTA NT con-
centrations, the hM3Dq-promoted increase in NAc DA
concentration (which requires VTA NT signaling) contin-
ues for at least 2 hours, much longer than the increase in
VTA NT. These findings suggest that VTA NT promotes
a durable increase in NAc DA release (and accompanying
locomotor behavior) that continues long after VTA NT
has returned to baseline and that the action of LHA NT
cells mediates the long-term rather than acute modulation
of the MLDA system. Consistent with this long-term ac-
tivation, Kempadoo et al (4) showed that NTR1 antago-
nism blocks the increase postsynaptic NDMA response of
VTA DA neurons to the optogenetic activation of

Figure 5. Neurotransmitter content and release by LHA NT neurons. Ntcre mice were bred to the

ROSA26-tdTomato and Gad1-GFP backgrounds to generate animals expressing tdTomato in in

NT neurons and GFP in Gad1 cells. A, Representative images showing tdTomato-IR (NT; purple,

left), GFP-IR (Gad1; green, middle) and merged (right) channels in the LHA of Ntcre tdTomato;

GAD1-GFP mice. Arrowheads indicate examples of colocalization. B–D, Extracellular

concentrations of (B) GABA, (C) Glu, and (D) NT in the VTA of Ntcre;LHA-hM3Dq-mCherry mice.

Vehicle (t � �60 min) and CNO (0.3 mg/kg, ip; t � 0 min) were administered systemically. In

vivo microdialysis data are expressed as percent baseline � SEM; n � 6. Significance was

determined by one-way ANOVA followed by Bonferroni post hoc analysis; ***, P � .001 vs other

times.
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LHA3VTA fibers. That LHA NT neurons should medi-
ate lasting effects on MLDA function makes teleological
sense, because many LHA NT cells respond directly to
leptin (13), which reflects long-term energy stores and me-
diates largely chronic (rather than acute) effects on neural
systems (27).

Although we have recently demonstrated that the
hM3Dq-mediated activation of LHA NT neurons also in-
hibits LHA HCRT neurons (14), the mechanism for this
effect is distinct from that by which LHA NT neurons
promote NAc DA efflux. Not only do the neural connec-
tions by which these responses occur differ (intra-LHA vs
LHA3VTA projections) but also NT (which is required
for increased NAc DA efflux) is not responsible for con-
trolling the activity of HCRT cells. Rather, the inhibitory
neuropeptide, galanin (Gal), which is found in some LHA
NT neurons, inhibits the firing of HCRT cells (14). Thus,
LHA NT neurons mediate their effects on HCRT cells and
the MLDA via distinct neurotransmitters. We do not

know whether these distinct mecha-
nisms of LHA NT neuron action re-
flect different patterns of neu-
rotransmitter release by these cells in
the LHA and VTA, or merely the in-
nate responsiveness of HCRT
and VTA neurons to the different
neuropeptides.

Interestingly, although LHA NT
neurons display markers of gamma
amino butyric acid (GABA) produc-
tion and release (Gad1 and Slc32a1),
we did not detect VTA GABA release
upon activation of these neurons. Al-
though it is possible that the long col-
lection times for VTA microdialysis
samples (which are required for NT
detection) could fail to detect a tran-
sient increase in VTA GABA after the
activation of LHA NT cells, this
technique readily detects prolonged
release of DA and its metabolites
downstream in the NAc. We were
also unable to detect a role for GABA
in the acute inhibition of HCRT
neurons by LHA NT cells (14).
Thus although LHA NT neurons
are genetically GABAergic, GABA
release by these cells may play less
important roles than their neuro-
peptide transmitters.

Because LHA NT neurons re-
spond to a variety of physiologic sig-

nals (such as leptin, dehydration, and inflammation), this
LHA NT3VTA NtsR13NAc DA circuit that we have
mapped may link these stimuli to the long-term modula-
tion of VTA DA neurons, NAc DA efflux, and thus loco-
motor activity and other DA-dependent behaviors. In-
deed, disruption of LepRb in LHA NT cells diminishes
locomotor activity and measures of MLDA function (13),
suggesting that leptin action on LHA NT cells may control
MLDA function by modulating NT release in the VTA.
Additional work will be required to understand the con-
tribution of NT signaling to the control of MLDA function
by the various stimuli that modulate the activity of LHA
NT neurons.

Acknowledgments

Address all correspondence and requests for reprints to: Robert T.
Kennedy, PhD, Department of Chemistry, University of Michigan,

Figure 6. Effect of NT1R antagonism on LHA NT-DREADD-evoked NAc DA release. Unilateral
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Vehicle, NtsR1-antagonist SR142948A (SR; dose via intra-VTA injection) and CNO (0.3 mg/kg, ip;

t � 0 min) were administered at the indicated times. A, Extracellular DA concentrations in the

NAc. B, Data from A plotted in 15- or 30-minute bins. Data are expressed as percent baseline �

SEM; n � 6. Significance was determined by one-way ANOVA followed by Bonferroni post hoc

analysis. *, P � .1; **, P � .01; ***, P � .001. C, Model of the control of the MLDA system via

LHA NT neurons. LHA NT neurons contain the neurotransmitter GABA. Some of these NT

neurons express the LepRb and locally regulate HCRT neuronal function, via the neuropeptide

Gal. A potentially separate population of LHA NT neurons may directly project to the VTA and

release NT onto NTR1-expressing DA neurons to regulate the MLDA system through projections

to the NAc. Note that although the figure is simplified for easier viewing, it is possible that

interneurons could lie between LHA NT neurons and OX or DA neurons.
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