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Systems/Circuits

Lateral Hypothalamic Area Glutamatergic Neurons and
Their Projections to the Lateral Habenula Regulate Feeding
and Reward
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The overconsumption of calorically dense, highly palatable foods is thought to be a major contributor to the worldwide obesity epidemic;
however, the precise neural circuits that directly regulate hedonic feeding remain elusive. Here, we show that lateral hypothalamic area
(LHA) glutamatergic neurons, and their projections to the lateral habenula (LHb), negatively regulate the consumption of palatable food.
Genetic ablation of LHA glutamatergic neurons increased daily caloric intake and produced weight gain in mice that had access to a
high-fat diet, while not altering general locomotor activity. Anterior LHA glutamatergic neurons send a functional glutamatergic projec-
tion to the LHb, a brain region involved in processing aversive stimuli and negative reward prediction outcomes. Pathway-specific,
optogenetic stimulation of glutamatergic LHA-LHD circuit resulted in detectable glutamate-mediated EPSCs as well as GABA-mediated
IPSCs, although the net effect of neurotransmitter release was to increase the firing of most LHb neurons. In vivo optogenetic inhibition
of LHA-LHb glutamatergic fibers produced a real-time place preference, whereas optogenetic stimulation of LHA-LHb glutamatergic
fibers had the opposite effect. Furthermore, optogenetic inhibition of LHA-LHb glutamatergic fibers acutely increased the consumption
of a palatable liquid caloric reward. Collectively, these results demonstrate that LHA glutamatergic neurons are well situated to bidirec-
tionally regulate feeding and potentially other behavioral states via their functional circuit connectivity with the LHb and potentially
other brain regions.
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Significance Statement

In this study, we show that the genetic ablation of LHA glutamatergic neurons enhances caloric intake. Some of these LHA
glutamatergic neurons project to the lateral habenula, a brain area important for generating behavioral avoidance. Optogenetic
stimulation of this circuit has net excitatory effects on postsynaptic LHb neurons. This is the first study to characterize the
functional connectivity and behavioral relevance of this circuit within the context of feeding and reward-related behavior.

distinct neurocircuits that function not only to maintain energy
homeostasis (Saper et al., 2002; Aponte et al., 2011; Krashes et al.,

Introduction
The orchestration of complex motivated states, such as the seek-

ing out and consumption of food are essential for an organism’s
survival. Optimal feeding behavior likely requires the activity of
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2011), but also to positively reinforce behaviors directed toward
the approach and consumption of palatable foods. The lateral
hypothalamic area (LHA) is a cellularly heterogeneous brain re-
gion (Berthoud and Miinzberg, 2011) known to be critical for
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both feeding and reinforcement processes (Hoebel and Teitel-
baum, 1962; Margules and Olds, 1962; Jennings et al., 2013,
2015). Our previous work demonstrated that optogenetic
or chemogenetic stimulation of vesicular GABA transporter
(VGat)-expressing LHA neurons (putative GABAergic neurons)
produced both feeding and reward-related phenotypes (Jennings
et al.,, 2015). In contrast, optogenetic stimulation of Vglut2-
expressing LHA neurons (putative glutamatergic neurons) sup-
pressed feeding and produced aversive behavioral phenotypes.
(Jennings et al., 2013). Thus, our previous results demonstrate
that genetically distinct GABAergic and glutamatergic LHA sub-
populations can produce opposing behavioral phenotypes. At the
gross neuroanatomical level, the LHA sends widespread projec-
tions to many brain regions including the cortex, thalamus, mid-
brain, and hindbrain substructures (Berk and Finkelstein, 1982).
These distinct neuronal projections likely arise from genetically,
anatomically, and/or functionally diverse cell populations within
the LHA. However, whether specific neuronal projections from
molecularly identifiable LHA neurons are sufficient and/or nec-
essary for feeding and other motivated behavioral states remains
poorly understood. Here, we focus on the LHA projection to the
lateral habenula (LHD) to determine whether this particular cir-
cuit exerts control over aspects of feeding and reward-related
behaviors. We sought to characterize the function of this projec-
tion because LHb neurons are known to encode aversive events
and are involved in negatively regulating reward processing (Ma-
tsumoto and Hikosaka, 2007), likely because LHb neurons can
indirectly inhibit ventral tegmental area (VTA) dopaminergic
neurons (Christoph et al., 1986; Matsui and Williams, 2011;
Lammel et al., 2012; Stamatakis and Stuber, 2012). A previous
anatomical study demonstrated that glutamatergic projections
from the LHA innervate LHb neurons that in turn project to the
ventral midbrain (Poller et al., 2013). Thus, we hypothesized that
VGlut2-expressing LHA neurons may be a critical negative regu-
lator of feeding and reward, which may affect motivated behavior
through direct excitation of LHb neurons.

Materials and Methods

Subjects

Adult (25-30 g) male VGlut2-ires-cre, Vgat-ires-cre (Vongetal., 2011), or
wild-type litter mates and adult (25-30 g) C57BL/6] mice were used.
Mice were maintained on a reverse 12 h light cycle (lights off at 07:00)
with ad libitum access to food and water unless placed on a food restric-
tion schedule for the free-licking experiment (see below). All food-
deprived mice were restricted to 90% of their initial body weight by
administering one daily feeding of 2.5-3.0 g of standard grain-based
chow (immediately following behavioral experiment, if performed). All
procedures were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals, as adopted by the NIH, and with approval of
the Institutional Animal Care and Use Committee at the University of
North Carolina (UNC) at Chapel Hill.

Viral constructs

Purified and concentrated adeno-associated viruses coding for
Cre-inducible ChR2-eYFP [AAV5-EFla-DIO-hChR2(H134R)-eYFP],
NpHR3.0-eYFP (AAV5-EF1a-DIO-NpHR3.0-eYFP), eYFP (AAVS5-
EF1a-DIO-eYFP), and taCasp3 (AAV2-FLEX-taCasp3-TEVp) were all
packaged by the UNC Vector Core Facility at titers of ~2 X 10'* genome
copies/ml.

Stereotactic surgeries

Mice were anesthetized with ketamine (150 mg/kg body weight) and
xylazine (50 mg/kg) solution and placed in a stereotactic frame (Kopf
Instruments). For the genetic ablation and optogenetic experiments,
adult male VGlut2-ires-Cre-positive and -negative littermates (controls)
were bilaterally microinjected with 0.3 ul of virus into the anterior LHA
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using the following coordinates: —1.0 mm posterior to bregma, =0.9
mm lateral to midline, and —6.0 mm ventral to skull surface. For the
optogenetic experiments, mice were bilaterally implanted with 200-um-
diameter multimode optical fibers (0.37 NA) aimed directly above the
LHb at —1.7 mm posterior to bregma, —1.25 lateral to midline, and
—3.24 ventral to the skull surface at a 15° angle. For the retrobead map-
ping and quantification experiments, male C57BL/6] mice (The Jackson
Laboratory) received quadruple injections (Nanoject) with 70 nL of red
retrobeads (Lumafluor) in the LHb using the following coordinates:
—1.4 and —1.8 mm posterior to bregma, +0.43 mm lateral to the mid-
line, and —3.3 ventral to the skull surface.

Experimental timeline

Genetic ablation of VGlut2 4 neurons. Following surgery,
VGlut2""*::taCasp3 and VGIut2"1::Control mice were weighed daily.
For 4 weeks, mice were given ad libitum access to standard grain-based
chow (Harlan, 3.5 calories/g). Chow was weighed daily immediately fol-
lowing weighing of mice. After 4 weeks, before the introduction of the
high-fat diet, VGlut2"™4::taCasp3 and VGIut2™"'*::Control mice were
run through an open-field experiment (see Open-field behavior). After 4
weeks of access to grain-based chow, mice were given ad libitum access to
both standard grain-based chow and a calorie-dense chow (Bioserv, High
Fat diet; fat calories = 60%), 5.49 calories/g). Body weight, grain-based
chow, and calorie-dense chow were weighed daily for at least 60 d post-
surgery. Calories consumed were calculated by adding the calories from
grain-based chow (3.5 calories/g) to the calories from high-fat chow
(5.49 calories/g). Following the experiment, VGIut2""*::taCasp3 and
VGlut2™*::Control were then rapidly decapitated, and in situ hybrid-
ization was performed (see Fluorescence in situ hybridization).

Retrobead experiment. Male C57BL/6] mice were injected with ret-
robeads (Lumafluor, stock concentration; see Stereotaxic surgery) and
4-6 weeks later confocal imaging was obtained to quantify LHb-
projecting LHA neurons (see Histology, immunohistochemistry, and
confocal microscopy).

Optogenetic behavioral experiments. Six to 8 weeks follow-
ing surgery, VGlut2"HA1HY::ChR2, VGlur2 ™ MATHP:NpHR3.0, and
VGlur2"MA b Control mice bilaterally implanted with optical fibers
aimed above the LHb were run through a real-time place preference
experiment (see Real-time place preference). Following the real-time
place preference experiment (at least 24 h), VGlut2"HALHC:NpHR3.0
and VGlut2™AHb::Control mice were run through the liquid reward
consumption task (see Photoinhibition of VG2 "HA1HY:NpHR3.0
during reward consumption). Following the reward consumption task,
mice were run through the quinine experiment (see Photoinhibition of
VGlut2"HA1HY:NpHR3.0 during reward consumption).

Fluorescence in situ hybridization

Mice were rapidly decapitated, and brains were snap frozen with dry ice
in an embedding mold of OCT Compound (Fisher Scientific). Fresh,
frozen brains were sectioned at 20 wm on a cryostat (CM3050; Leica
Biosystems) onto charged slides (Leica Biosystems). A given set of slides
were then hybridized to either VGIut2 antisense and sense riboprobes. A
1749 bp riboprobe complementary to VGlut2-sense cDNA that was in-
serted into the pPGEM-4Z vector (Promega). Plasmid DNA was cut with
either EcoRI or Sall to create a template for in vitro transcription. All
probes were created using digoxigenin (DIG)-labeled nucleotides for
detection. The Sall template was transcribed with Sp6 RNA Polymerase
to generate the sense riboprobe, and the EcoRI template was transcribed
with T7 RNA polymerase to generate the antisense riboprobe. Fluores-
cence in situ hybridization was performed at room temperature unless
otherwise indicated. Tissue was dried at 50°C, fixed in 4% DEPC-PFA for
15 min, and washed in DEPC-PBS 3 X 5 min. The tissue was then acety-
lated in 1 X triethanolamine-HCl with 0.25% acetic anhydride for 10 min
and subsequently washed in DEPC-PBS 3 X 5 min each. Next, the tissue
was prehybridized for 3 h at 65°C in hybridization buffer containing 5X
saline sodium citrate (SSC), 50% formamide, 1 mg/ml yeast tRNA, 0.1
mg/ml heparin, 0.1% Tween 20, 0.005-M EDTA, pH 8.0, and 0.1%
CHAPS. Following prehybridization, the tissue was hybridized by
incubating in hybridization buffer containing a probe for VGlut2
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(DIG-labeled). Posthybridization stringency washes were performed se-
quentially at 65°C in prewarmed buffers: 1 X 15 min in 2X SSC, 3 X 20
min in 0.2X SSC buffer. Following stringency washes, tissue was further
washed at room temperature 2 X 10 min in Ts7.5 (0.1 m TRIS-HCI, pH
7.5, 0.15 M NaCl). Tissue was then incubated in 3% H,O, in methanol
and washed 3 X 5in TS7.5 to eliminate endogenous hydrogen peroxidase
activity. Sections were then incubated for 1 h in 1% blocking buffer
(PerkinElmer), followed by incubation for 24 h at 4°C in anti-DIG-POD
(1:100 dilution in 1% blocking buffer). The following day, after washing
3 X 10 min in TNT wash buffer (0.1 m TRIS-HCI, pH 7.5, 0.15 M NaCl,
0.05% Tween 20), sections underwent a tyramide signal amplification
with trichostatin A plus DNP 1:50 in amplification diluent. Following a 4
min incubation, sections were vigorously washed with TNT wash buffer
4 X 10 min and incubated in a DNP primary antibody conjugated with
AlexaFluor 488 (1:500 dilution in TNT; Invitrogen) at 4°C overnight.
Sections were then washed 3 X 10 min with TNT wash buffer and cov-
erslipped with a mounting media containing DAPI as a counterstain (Life
Technologies).

Histology, immunohistochemistry, and confocal microscopy

Mice were anesthetized with pentobarbital, and transcardially perfused
with PBS followed by 4% (w/v) paraformaldehyde in PBS. Brains were
then removed and submerged in 4% paraformaldehyde for 24 h and
transferred to 30% sucrose in ddH,O for 48 h. Forty micrometer brain
sections were obtained and subjected to immunohistochemical staining
for neuronal cell bodies (NeuroTrace Invitrogen; 640 nm excitation/660
nm emission or 435 nm excitation/455 nm emission). Brain sections
were mounted, and z-stack and tiled images were captured on a Zeiss
LSM 710 confocal microscope using a 20X, 40X, or 63X objective and
analyzed using ZEN 2009 and Image] software. To determine optical
fiber placement, tissue was imaged at 10X and 20X on an upright con-
ventional fluorescent microscope.

Open-field behavior

Four weeks following surgery, VGlut2™:taCasp3 and
VGlut2""*::Control mice were examined in a custom made open-field
arena (25 X 25 X 25 cm white Plexiglas arena) for 35 min. Center zone
was defined as the center 156 cm? (25% of the entire arena). Corner
zones were defined as the 39 cm? in each corner. The 35 min session was
recorded with a CCD camera that was interfaced with Ethovision soft-
ware (Noldus Information Technologies). Time spent in the corner and
the center of the open-field apparatus was then quantified.

Patch-clamp electrophysiology

Mice were anesthetized with pentobarbital and perfused transcardially
with modified artificial CSF containing the following (in mm): 225 su-
crose, 119 NaCl, 1.0 NaH,PO,, 4.9 MgCl2, 0.1 CaCl,, 26.2 NaHCo, 1.25
glucose. Brains were then rapidly removed and placed in the same solu-
tion that was used for perfusion at ~0°C. Coronal slices containing the
LHb (200 wm) were cut on a Vibratome (VT-1200, Leica Microsystems).
Following slicing, brain slices were placed in a holding chamber and were
allowed to recover for at least 30 min before being placed in the recording
chamber and superfused with bicarbonate-buffered solution saturated
with 95% O, and 5% CO, containing the following (in mm): 119 NaCl,
2.5 KCl, 1.0 NaH,PO,, 1.3 MgCl,, 2.5 CaCl,, 26.2 NaHCO,, and 11
glucose (at 32°-34°C). Cells were visualized using infrared differential
contrast and fluorescence microscopy. For voltage-clamp recordings,
patch electrodes (3—5 M(2) were back-filled with a cesium methanesul-
fonic acid internal solution containing the following (in mm): 117 Cs
methanesulfonicacid, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA, 2 ATP, and
0.2 GTP. For cell-attached recordings, patch electrodes (2—4 M()) were
back-filled with a potassium gluconate internal solution containing the
following (in mm): 130 K-gluconate, 10 KCI, 10 HEPES, 10 EGTA, 2
MgCl,, 2ATP, 0.2 GTP, pH 7.35, 270-285 mOsm for all internal solu-
tions. Whole-cell voltage-clamp and cell-attached recordings of LHb
neurons were made using an Axopatch 700B amplifier (Molecular De-
vices). For all optical stimulations, blue light (1 mW, 473 nm) was deliv-
ered through a 40X objective via a LED. Series resistance (15-25 M())
and/or input resistance were monitored online with a 5 mV hyperpolar-
izing step delivered between stimulation sweeps. All data were filtered at
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2 kHz, digitized at 5-10 kHz, and collected using pClamp10 software
(Molecular Devices). For voltage-clamp recordings in LHb neurons,
membrane potentials were maintained at —70 mV, and then at +10 mV,
and light pulses (5 ms) were delivered every 20 s to evoke neuronal firing.
For EPSCs, following 5-10 min of baseline recording, 10 um of the glu-
tamate antagonist DNQX was bath-applied for 10 min. For IPSCs, fol-
lowing 5-10 min of baseline recording, 10 um of the GABA, receptor
antagonist, SR-95531 (gabazine) was bath-applied for 10 min. EPSCs and
IPSCs were recorded in the presence of 1 mm 4-AP (K * channel blocker)
and 1 um TTX (Na ™ channel blocker) to isolate monosynaptic currents
(Cruikshank et al., 2010; Stamatakis et al., 2013). IPSC and EPSC ampli-
tudes were calculated by measuring the peak current from the average
response from six sweeps during baseline and during each drug applica-
tion. Cells that showed a >20% change in the holding current or access
resistance were excluded from analysis. For cell-attached recordings, a 20
Hz optical stimulation was delivered for 1 s every 20 s for 20 sweeps.
Firing rate was averaged across all 20 sweeps. For asynchronous release
recordings, a 10 Hz optical stimulation was delivered for 1 s every 20 s.
Following a 5-10 min baseline recording, 100 um of the membrane-
permeable calcium buffer, EGTA-AM, was bath-applied for at least 20
min. EPSC frequencies were calculated by averaging the frequency 1 s
before stimulation and 1 s immediately following stimulation and aver-
aged across four to six sweeps.

Real-time place preference

Six to 8 weeks following surgery, VGlur2"HATHP:ChR2,
VGlu2"MATHP NpHR3.0, and VGlut2 "4 Control mice bilaterally
implanted with optical fibers aimed above the LHb were placed in a
custom-made behavioral arena (50 X 50 X 25 cm black Plexiglas) for 20
min. One counterbalanced side of the chamber was assigned as the stim-
ulation side. At the start of the session, the mouse was placed in the
nonstimulated side of the chamber. Every time the mouse crossed to the
stimulation side of the chamber, a 20 Hz constant laser stimulation (473
nm, 10-12 mW for VGluz2 "HA-THb..ChR2 mice) or a constant 532 nm
laser stimulation (10-12 mW, for VGlut2 LHA'LHAb::NpHRS.O and
VGlut2"HATHAL.. Control mice) was delivered until the mouse crossed
back into the nonstimulation side. Percentage of time spent on the
stimulation-paired and velocity was recorded via a CCD camera inter-
faced with Ethovision software (Noldus Information Technologies).

Photoinhibition of VGlut2 “#-11::NpHR3.0 during

reward consumption

Following the real-time place preference experiments, male
VGlur2"HA TP NpHR3.0 and VGlur2 74P Control mice were re-
stricted to 90% of their initial body weight by administering one daily
feeding of ~ 2.5-3.0 g of standard grain-based chow immediately follow-
ing each behavioral experiment, if performed. Behavioral training and
testing occurred in mouse operant chambers interfaced with optogenetic
stimulation equipment as described previously (Stamatakis and Stuber,
2012). Once mice reached 90% of their body weight, they were trained in
a standard behavioral box (Med Associates) equipped with bottle lick-
ometers for quantification of consumption of a highly palatable, calori-
cally dense liquid (Ensure, 0.93 kCal/ml). The free-reward consumption
task consisted of unlimited access to Ensure during each 20 min session.
Lick time stamps were recorded and used for analysis. Mice were trained
until the number of licks during each session was stable (<20% change)
for three consecutive sessions, which for all mice occurred after 7-15
training sessions. Once the mice stabilized they received constant optical
inhibition during a 20 min session (10-12 mW 532 nm light from a
solid-state laser delivered via custom-made patch cable). Following re-
ward consumption task, mice received one counterbalanced session each
of 0 and 2.5 mm quinine dissolved in Ensure, with at least 24 h in between
each session.

Data analysis and statistics

All data are presented as mean * SEM. Statistical analysis was assessed using
ttests or repeated-measures ANOVA. When ANOVA reached significance, a
Bonferroni post hoc comparison was conducted. Nonsignificance was de-
fined as p > 0.05 and significance as *p < 0.05 and **p < 0.001.
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Figure 1.

Genetic ablation of LHA glutamatergic neurons increases caloric intake and enhances body weight gain. A, Schematic for viral injection of AAV2-FLEX-taCasp3-TEVp into the LHA of

VGlut2-ires-Cre mice. B, €, Confocal images (20 X ) demonstrating decreased VGIut2 expression in VG/ut2 ™::taCasp3 (€) compared with VGlut2 “*A::Control (B) mice. Fx, Fornix; DMH, dorsomedial
hypothalamic nucleus; VMH, ventromedial hypothalamic nucleus; 3V, third ventricle; D, dorsal; L, lateral; M, medial; V, ventral. Scale bars, 200 m. D, Ablation of LHA glutamatergic neurons
significantly potentiated weight gain induced from a calorie-dense diet. E, Ablation of LHA glutamatergic neurons significantly increased caloric intake as measured by the average daily calories
consumed over the last 7 d of exposure to the calorie-dense diet. F, Ablation of LHA glutamatergic neurons significantly increased fat intake as measured by the average grams of fat consumed over
the last 7 d of exposure to the calorie-dense diet. G, H, Open-field velocity was not significantly different between VGlut2 "*::taCasp3 and VGlut2 ***::Control mice. I, J, Open-field center time was

not significantly different between VGlut2 "*:taCasp3 and VGlut2 "**::Control mice.

Results

Our previous work demonstrated that optogenetic stimulation of
Vglut2-expressing LHA glutamatergic neurons could acutely
suppress feeding (Jennings et al., 2013); however, it is unclear
whether these neurons are important in regulating feeding or
body weight over days or weeks. Therefore, we selectively ablated
glutamatergic neurons in the LHA by injecting a cre-dependent
virus (AAV-FLEX-taCasp3-TEVp) encoding a pro-taCaspase-3
and a TEVp enzyme that cleaves pro-taCaspase-3 into the active,

proapoptotic signal caspase-3 (Yang et al., 2013) into VGluz2-
ires-cre mice (Vong et al., 2011; Fig. 1A-C). Following virus in-
jections, in situ hybridization confirmed that the density of LHA
Vglut2 neurons was reduced to 56.8 = 15% compared with con-
trols (n = 4 VGlut2-ires-cre caspase-treated mice). We observed
no differences in body weight or caloric intake when mice had ad
libitum access to standard rodent chow (Fig. 1D). However, when
mice were given ad libitum access to a calorie-dense high-fat diet
in addition to standard chow, VGlut2""*:taCasp3 mice showed a
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The anterior LHA sends a glutamatergic projection to the LHb. A, Schematic for injection of red retrobeads into the LHb of a (57BL/6) mouse. B, Confocal image of the LHA showing

LHb-projecting LHA neurons. Scale bar, 20 um. €, Quantification of LHb-projecting LHA neurons along the anterior—posterior axis of the LHA. LHb-projecting neurons are significantly denser in the
anterior LHA compared with the posterior LHA. Ant, Anterior; Post, posterior. D, Confocal images of coronal sections showing expression of ChR2-eYFP in the LHA and LHb (inset) of a VGlut2 “*::ChR2
mouse. Scale bar, 500 wm. E, Confocal images of coronal sections showing expression of ChR2-eYFP in the LHA and LHb (inset) of a Vgat“**:ChR2 mouse. Scale bar, 500 wm. F,
VGlut2 "HA-tHo-:ChR2-eYFP fluorescence intensity compared with VGat “*A"°::ChR2-eYFP fluorescence intensity in and around the LHb. MHb, Medial habenula; DG, dentate gyrus; LDT, lateral dorsal

thalamus; MDT, medial dorsal thalamus.

significant increase in body weight (ANOVA for interaction:
F31 308 = 1.77, p = 0.02, n = 8 mice per group; Fig. 1D), which
corresponded to an increase in caloric intake during the last 7 d of
high-fat diet access compared with VGlut2**:Control mice
(t(14 = 4.50, p = 0.0005, n = 8 mice per group; Fig. 1E). Addi-
tionally, ablation of LHA glutamatergic neurons preferentially
increased the consumption of the high-fat food, without affecting
the consumption of the standard chow (standard chow con-
sumed during 7 d before the introduction of the high-fat diet
showed a trend: ,,) = 2.143, p = 0.0502; standard chow con-
sumed during final 7 d of experiment was not significantly differ-
ent: t,4 = 1.074, p = 0.301) VGlut2""*:taCasp3 mice consumed
significantly more of the high-fat diet during the last 7 d of ex-
periment compared with VGlut2""*:Control mice (t.,,, = 2.52,
p = 0.02; n = 8 mice per group; Fig. 1F).

To determine whether ablation of LHA glutamatergic neu-
rons resulted in changes in locomotor activity or anxiety-like
phenotypes, which could indirectly account for changes in food
intake, we next tested mice in an open-field assay. Although we
observed a slight increase in measured locomotor activity (¢4, =
0.75, p = 0.46, n = 8 per group; Fig. 1G,H ), and a slight decrease
in theamount of time spent in the center of the open-field (¢,4, =
0.28, p = 0.77, n = 8 per group; Fig. 11,]), these results did not
reach statistical significance. Collectively, these data demonstrate
that genetic ablation of LHA Vglut2 neurons increases caloric
intake and body weight gain when mice have ad libitum access to
a palatable, high-fat diet.

We next sought to identify LHA glutamatergic projections
that may be involved in modulating feeding and reward. The

lateral hypothalamus sends widespread projections throughout
the brain, including projections to the LHb (Poller et al., 2013).
To map the precise location of the LHb-projecting neurons
within the LHA, we injected fluorescent retrograde beads into the
LHDb of wild-type mice (Fig. 2A, B). Three weeks following sur-
gery, we observed neurons in the LHA and entopenduncular nu-
cleus labeled with retrograde transported beads from the LHbD.
Although LHb-projecting LHA neurons spanned the entire
length of the LHA, we observed the highest density of LHb-
projecting LHA neurons in the anterior portion of the LHA
(ANOVA: F, 15y = 24.88, p < 0.0001, n = 4 sections at different
AP locations from n = 3 mice; Fig. 2C).

To selectively target LHA neurons, and to trace their axonal
projections in and around the LHb, we introduced a cre-
inducible viral construct coding for channelrhodopsin-2 con-
jugated to enhanced yellow fluorescent protein (ChR2-eYFP)
bilaterally into the LHA of VGlut2-ires-cre mice and Vgat-ires-
cre mice to target LHA glutamatergic or GABAergic neurons,
respectively (Fig. 2 D, E). Six weeks after surgery, we observed
robust eYFP expression in the LHA in both mouse lines, but
eYFP axonal fiber expression was much higher in the LHb of
the VGlut2-ires-cre mice, suggesting that LHA glutamatergic
neurons innervate the LHb to a stronger degree compared
with LHA GABAergic neurons, consistent with previous stud-
ies (Poller et al., 2013).

We next sought to characterize the functional synaptic con-
nectivity between LHA glutamatergic neurons and postsynaptic
LHb neurons. Voltage-clamp recordings from postsynaptic
LHb neurons in brain slices obtained from VGlut2""*::ChR2
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Figure 3.  Characterization of neurotransmitter release from VG/ut2"*A*"®::ChR2 terminals. A, B, Postsynaptic light-evoked EPSCs recorded from LHb neurons at —70 mV are significantly
attenuated following bath-application of 10 m DNQX. €, D, Postsynaptic light-evoked IPSCs recorded from LHb neurons at + 10 mV are significantly attenuated by bath-application of 10
gabazine. E-G, Cell-attached recordings demonstrating a significant increase in the spontaneous firing rate of a subset LHb neurons in response to a 1's 20 Hz optical stimulation of
VGlut2 "HA-tH-:ChR2 terminals in the LHb. H, , Cell-attached recordings demonstrating a decrease in the spontaneous firing rate from a LHb neurons in response toa 1 20 Hz optical stimulation of
VGlut2 "A-L::ChR2 terminals in the LHb (n = 1 cell). J, One second 20 Hz optical stimulation of VG/ut2 "A-t"0::ChR2 terminals in the LHb resulted in 73.7% of LHb neurons showing a net excitation
(n = 14 cells), 21.1% of LHb neurons showing <<20% change in firing (n = 4 cells), and 5.3% of LHb neurons showing a net inhibition (n = 1 cell, » = 19 neurons total). K, Asynchronous release
(graytrace) in LHb neuron following optical stimulation of VGlut2 "A-t"-:ChR2 terminals. Asynchronous release s reduced (purple trace) following bath-application of EGTA-AM. L, mEPSC frequency
(Hz) is significantly increased during the 1 s following optical stimulation compared with the 1 s before optical stimulation. M, mEPSC frequency (percentage baseline) is significantly reduced

following bath-application of EGTA-AM.

mice revealed that light pulses that selectively stimulated
VGlut2™4::ChR2 fibers within the LHb, produced light-evoked
currents that were blocked by the glutamate receptor antagonist
DNQX () = 5.4, p < 0.0001, n = 13 cells; Fig. 3A,B). At the

reversal potential for AMPA receptors, we observed a small-
amplitude light-evoked current that was blocked by the
GABA, receptor antagonist, gabazine (¢4, = 3.6, p = 0.003,
n = 8 cells; Fig. 3C,D). Although we observed an excitatory



308 - J. Neurosci., January 13,2016 - 36(2):302-311

current in nearly all LHb neurons we recorded from (42/46
neurons, 91%), we observed a smaller percentage of neurons
that displayed an inhibitory current (8/12 neurons, 66.6%).
Cell-attached recordings from LHb neurons revealed that
when we delivered a 1 s 20 Hz optical pulse-train to selectively
stimulate VGIlut2"#*::ChR2 terminals, the majority of LHb
neurons displayed increases in their spontaneous firing rates
(14/19 neurons, 73.7%; F; 39y = 8.53, p = 0.0008, n = 14 cells;
Fig. 3E-G,J). We also observed a minority of LHb neurons
that displayed a decrease in spontaneous firing following op-
tical stimulation (n = 1/19 neurons, 5.3%; Fig. 3H-]). These
data suggest that the net effect of neurotransmitter release
following stimulation of VGIut2"#*::ChR2 terminals is to in-
crease the firing rate of postsynaptic LHb neurons.

Following a brief 10 Hz optical pulse train, we also observed
delayed asynchronous EPSCs in a subset of LHb neurons we
recorded from (18/28 neurons, 64.3%; t(5,, = 3.15, p = 0.004,
n = 17 cells; Fig. 3K, L), a phenomenon which has previously
been demonstrated in other hypothalamic circuits (Atasoy et
al., 2012). This asynchronous glutamatergic release was ob-
served in both the presence and absence of 4-AP (K™ channel
blocker) and TTX (Na™ channel blocker; Cruikshank et al.,
2010), indicating that this asynchronous release was likely not
due to local LHb polysynaptic network activity. The presence
of delayed EPSCs was significantly attenuated by bath appli-
cation of EGTA-AM, a membrane-permeable calcium buffer,
suggesting that the asynchronous release is due to a build up of
calcium in presynaptic LHA terminals (t,,,) = 2.47, p = 0.03,
n = 7 cells; Fig. 3K, M).

Given that optogenetic activation of LHA glutamatergic neu-
rons produces aversion-related phenotypes (Jennings et al.,
2013), and that the LHA sends a dense projection to the LHb, we
next examined the functional role of the LHA-LHb projection in
modulating feeding and reward-related phenotypes using in vivo
optogenetics. To selectively modulate the activity of the LHA-
LHD circuit, we injected VGlut2-ires-cre mice with either cre-
inducible ChR2-eYFP (VGlut2""A1HP:.ChR2), cre-inducible
eYFP (VGlur2" AP Control), or cre-inducible halorhodop-
sin3.0 (VGlut2"MA1HP::NpHR3.0), and bilaterally implanted op-
tical fibers above the LHb (Figs. 2D, 4A,B). Optogenetic
stimulation of VGlut2""A""1® terminals decreased time spent in a
location paired with optical stimulation (o, = 5.9, p < 0.001,1n =5
VGlut2"MA M ChR2 mice and 7 = 7 VGIut2 AP Control mice,),
whereas optogenetic inhibition of VGlut2"" terminals increased
time spent in a location paired with optical inhibition (£, = 2.579,p =
0.017, n = 7 mice per group; Fig. 4C—E). Optogenetic inhibition of this
circuit also resulted in a significant increase in the consumption of a
highly palatable calorically dense liquid in VGlut2""*:NpHR3.0
mice, compared with VGlut2" . Control mice (total licks: tayy =
2.374,p = 0.035; licking bouts: £, 5, = 2.63, p = 0.02; inter-bout interval:
taay = 256, p = 0.02, n = 7 mice per group; Fig. 4F-H ). When the
solution was adulterated with quinine to reduce the palatable qualities
without alternating the caloric content, both VGlut2"# - NpHR3.0
mice and VGlut2™**:Control mice showed a comparable number
oflicks (ANOVA for interaction of quinine concentration vs inhibition
group: F, 54 = 4.57, p = 0.04, Fig. 4]) suggesting that the LHA-LHb
glutamatergic circuit is important in modulating consumption of palat-
able caloric substances.

Discussion

Although distinct populations of molecularly defined neurons
or precise synaptic connections can regulate aspects of behav-
ior, multiple functionally distinct elements likely coopera-

Stamatakis et al.  LHA-to-LHb Negatively Controls Feeding and Reward

tively orchestrate complex behavioral states, such as feeding.
Some circuit components, such as AgRP/NPY producing neu-
rons in the arcuate nucleus, are uniquely positioned to directly
sense and respond to the changing metabolic state of the or-
ganism to promote feeding (van den Top et al., 2004; Luquet et
al., 2005; Aponte et al., 2011; Krashes et al., 2011; Atasoy et al.,
2012; Chen et al., 2015), whereas various cell groups in the
LHA may facilitate or suppress appetitive and consummatory
behaviors directed toward feeding (Jennings et al., 2013,
2015). Previous studies have suggested that the LHA may gen-
erate motivated behavioral states directed toward feeding by
directly regulating the activity of VTA dopaminergic neurons
(Harris et al., 2005; Leinninger et al., 2009; Nieh et al., 2015).
Indeed, previous anatomical tracing studies have demon-
strated that the LHA sends a dense projection to the VTA
(Geisler and Zahm, 2005; Geisler et al., 2007), and that direct
modulation of LHA fibers in the VTA can facilitate both feed-
ing and reward-related phenotypes (Kempadoo et al., 2013;
Nieh et al., 2015), although it appears this is likely mediated
mostly by inhibitory projections from the LHA that preferen-
tially target VTA GABAergic neurons, which in turn should
disinhibit VTA dopaminergic neurons.

Electrolytic or chemical lesions of the LHA produce weight
loss and aphagia (Harrell et al., 1975; Schallert and Whishaw,
1978; Von Der Porten and Davis, 1979). However, here we
demonstrate that genetic ablation of LHA glutamatergic neu-
rons produces an increases in caloric intake and body weight
after weeks of ad libitum access to a high-fat diet, suggesting
that LHA glutamatergic neurons may be involved in long-term
regulation of food intake and body weight. It is important to
note that this experiment was performed to determine the
net effect of loss of LHA glutamatergic neurons, regardless of
their projection target. Future experiments are needed to de-
termine whether pathway-specific ablation of LHA glutama-
tergic subpopulations (such as those that project to the LHb or
VTA) produce similar phenotypes to those observed with
nonprojection-specific ablation. Additionally, the LHA con-
tains GABAergic neurons, as well as glutamatergic neurons,
and in situ hybridization data suggest that the population of
GABAergic LHA neurons may be substantially larger than the
population of glutamatergic neurons (Rosin et al., 2003; Meis-
ter, 2007). Importantly, genetic ablation of LHA GABAergic
neurons dramatically suppresses feeding, and reduces motiva-
tion for palatable caloric rewards (Jennings et al., 2015), which
is consistent with the classically described phenotypes induced
by electrolytic or chemical LHA lesions. These data under-
score the heterogeneity of the LHA and further demonstrate
that different genetically distinct cell groups, as well as circuit
connectivity, can differentially regulate feeding behaviors.

Because we observed an effect on feeding and body weight
following genetic ablation of LHA glutamatergic neurons (re-
gardless of projection target), we decided to investigate an
output of the LHA, which may be mediating these effects. We
found that the LHA sends a strong projection to the LHb, an
area involved in promoting aversion and negatively regulating
reward-related behaviors. Previous data has demonstrated a
similar aversive phenotype when activating LHb inputs from
the entopenduncular nucleus, an output of the basal ganglia
that is located lateral to the LHA (Shabel et al., 2012). It is
important to note that the entopenduncular nucleus and lat-
eral hypothalamic area are neighboring structures and it is
possible that viral targeting of one region could result in viral
transduction of the neighboring region. Following retrobead
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Figure 4.  Optogenetic modulation of the VGlut2 """ circuit acutely modulates feeding and reward-related behaviors. 4, Schematic diagram showing optical fiber placements for
VGlut2 AL ChR2 (n = 5), VGlut2 "AH®::Control (n = 7), and VGlut2“"*4::NpHR3.0 (n = 7) in the LHb on corresponding coronal brain atlas plates. B, Confocal images of coronal sections
showing expression of NpHR3.0-eYFP in the LHA (Scale bars: left, 100 wm; bottom right, 20 .em) and LHb (Scale bar, 20 wm) of a VGlut2-ires-cre mouse. €, D, Representative heat maps showing
time spent in particular locations from VGlut2 ""*::ChR2 (B) and VGlut2 "*::NpHR3.0 (€) during the real-time place preference task. E, VGlut2 "*A"t"::ChR2 spent less time on the side of the
chamber paired with stimulation than VG/ut2“**%::Control mice. VGlut2 **At"-:NpHR3.0 spent more time on the side of the chamber paired with stimulation than VG/ut2 “*A#::Control mice.
F, VGlut2"::NpHR3.0 licked more for a palatable liquid during a free-licking task than VGlut2"**®:Control mice. G, VGlut2™**"™:NpHR3.0 had more licking bouts than
VGlut2 "A-LH0-:Control mice. H, VGlut2 "At"::NpHR3.0 had a significantly lower interlick-bout interval than VGlut2 **"::Control mice. 1, VGlut2 "A-t"®::NpHR3.0 licked more for a palatable
liquid adulterated with 0 mu quinine during a free-licking task compared with VGlut2 “**#::Control mice. VGlut2 "*A*°::NpHR3.0 did not lick more for a palatable liquid adulterated with 2.5 mu
quinine during the free-licking task compared with VGlut2"*A#®::Control mice.

injections into the LHb, we observed LHb-projecting neurons ~ was recently shown that some entopenduncular projections to
in both the entopenduncular nucleus and the LHA. However,  the LHb can switch from using GABA to glutamate under
the entopenduncular nucleus, and the globus pallidus inter-  certain conditions (Shabel et al., 2014). In addition, our
nus (the primate homolog) contains mainly GABAergic neu-  method for targeting the LHA glutamatergic neurons, using
rons (Oertel et al., 1984; Stephenson et al., 2005). However, it cre-inducible ChR2 and medial injection sites, did not result
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in substantial infection of entopenduncular neurons (Fig.
2D), supporting our conclusions that our behavioral pheno-
types are the result of the modulation of LHA glutamatergic
projections, rather than entopenduncular projections to the
LHb.

We observed both excitatory and inhibitory responses in LHb
neurons following optical stimulation of VGlut2"HA1H fibers (Fig.
2). This could be due to co-release of GABA and glutamate from the
same LHA neuron or terminal, or due to ectopic cre expression in
nonglutamatergic LHA neurons. Previous studies have demon-
strated the specificity for cre-inducible viruses to target glutamate
neurons in other brain regions in the VGlut2-Cre mouse, such as the
bed nucleus of the stria terminalis (Jennings et al., 2013). However, it
is unclear whether this is the case in the LHA, and thus further stud-
ies should be conducted to determine whether LHb-projecting LHA
neurons are capable of co-releasing both glutamate and GABA, and
if so, under what conditions. Interestingly, recent studies have dem-
onstrated that other LHb inputs, from the VTA and entopenduncu-
lar nucleus as mentioned above, also co-release GABA and
glutamate (Root et al., 2014; Shabel et al., 2014), suggesting that this
may be a phenomena that is generalizable to many LHb inputs. It still
remains unclear what the function of GABA and glutamate co-
release is within this system. It has been speculated that the co-release
of GABA and glutamate may help to tightly regulate the firing of LHb
neurons, to filter the firing of specific inputs, or to provide presyn-
aptic loci of plasticity. Another possibility worth considering is that
LHA-LHD neuronal phenotypes are not static, but instead dynami-
cally regulated by factors, such as development, physiological
changes, stress, or other environmental factors.

The data presented here demonstrate that in addition to the
direct LHA-VTA circuits that modulate feeding and reward
(Nieh et al., 2015), the glutamatergic projections from the
LHA to the LHb also can bidirectionally control reward and
feeding, by increasing LHb neuronal activity, to suppress on-
going behavior, or decreasing glutamatergic tone in the LHb
to promote ongoing behavior. Collectively, these findings sug-
gest that the LHA is well positioned to both directly regulate
VTA neurons and indirectly regulate them via their projec-
tions to the LHb. Although these data, as well as data from
previous studies, suggest that glutamate projection neurons in
the LHA function to negatively regulate feeding and reward,
these conclusions are primarily drawn from experiments
where these cells are directly modulated with optogenetics. It
remains unclear whether LHA glutamate neurons actually en-
code select aspects of feeding or reward or, whether under
normal conditions, they are participant in other aspects of
behavior, such as arousal. Future studies are thus needed de-
termine whether neurons of the LHA that project to either the
VTA or LHD differentially encode aspects of appetitive and
consummatory behavior related to feeding.
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