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Systems/Circuits

An Inhibitory Septum to Lateral Hypothalamus Circuit That
Suppresses Feeding

Patrick Sweeney and “Yunlei Yang
Department of Neuroscience and Physiology, State University of New York Upstate Medical University, Syracuse, New York 13210

Feeding behavior is orchestrated by neural circuits primarily residing in the hypothalamus and hindbrain. However, the relative influ-
ence of cognitive and emotional brain circuits to the feeding circuitry in the hypothalamus and hindbrain remains unclear. Here, using
the cell-type selectivity of genetic methods, circuit mapping, and behavior assays, we sought to decipher neural circuits emanating from
the septal nucleus to the lateral hypothalamus (LH) that contribute to neural regulation of food intake in mice. We found that chemoge-
netic and optogenetic activation of septal vesicular GABA transporter (VGAT)-containing neurons or their projections in the LH reduced
food intake in mice. Consistently, chemogenetic inhibition of septal vVGAT neurons increased food intake. Furthermore, we investigated
a previously unknown neural circuit originating from septal vGAT neurons to a subset of vGAT neurons in the LH, an area involved in
homeostatic and hedonic control of energy states. Collectively, our data reveal an inhibitory septohypothalamic feeding circuit that might

serve as a therapeutic target for the treatment of eating disorders such as anorexia nervosa.
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Significance Statement

Our results demonstrate that top-down projections from the septum to the hypothalamus control food intake negatively. Given the
known role for both of these brain regions in the control of feeding and emotion-related behaviors, these findings reveal previously
unknown neural circuitry that is likely implicated in emotional aspects of food intake and provide new insights into the develop-

ment of therapeutic targets for the treatment of eating disorders.

Introduction

Feeding behavior is an essential motivational process that is con-
trolled in the CNS by highly redundant and overlapping neural
circuits (Williams and Elmquist, 2012; Schwartz and Zeltser,
2013; Sternson et al., 2013; Sternson and Atasoy, 2014). In addi-
tion to classical hypothalamic brain regions associated with feed-
ing, recent studies have indicated that septohippocampal brain
regions, including ventral hippocampus (VHPC) and septum, are
involved in the control of feeding (Scopinho et al., 2008; David-
son et al., 2009; Kanoski et al., 2013; Mitra et al., 2014; Parent et
al., 2014; Hsu et al., 2015; Sweeney and Yang, 2015; Urstadt et al.,
2015; Terrill et al., 2016). For example, our recent study demon-
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strated that the vVHPC reduces appetite by sending glutamatergic
neuronal projections to the septum (Sweeney and Yang, 2015)
and infusions of glucagon-like-peptide 1 (GLP-1) reduce feeding
(Terrill et al., 2016). In addition, the septum projects to critical
feeding centers in the brain (Sheehan et al., 2004; Urstadt and
Stanley, 2015) and is known to be involved in gastric emptying
after meal consumption (Gong et al., 2013).

Although recent studies have suggested a role for the septum
in the control of feeding, the involved neural circuits remain
unknown. The septum projects to multiple hypothalamic brain
regions involved in feeding (Sheehan et al., 2004; Urstadt and
Stanley, 2015). Particularly dense septal projections are observed
in the lateral hypothalamus (LH), a brain region classically con-
sidered to be involved in motivational aspects of feeding (Stuber
and Wise, 2016). For example, both electrolytic and chemical
lesions of LH reduce feeding (Anand et al., 1951; Grossman et al.,
1978; Stricker et al., 1978; Grossman et al., 1982), whereas elec-
trical stimulation of LH produces voracious feeding (Delgado et
al., 1953). Extensive studies have demonstrated that LH modu-
lates motivational aspects of feeding and reward via tight interac-
tions with the mesolimbic dopamine system (Wise et al., 1978;
Wise etal., 1981; Yeomans, 1982; Nieh et al., 2015; Barbano et al.,
2016; Nieh et al., 2016). Interestingly, LH is also primed to inte-
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grate signal inputs related to homeostatic aspects of feeding
behavior via connections within homeostatic feeding centers, in-
cluding the arcuate nucleus and paraventricular nucleus of the
hypothalamus (Betley etal., 2013; Wu et al., 2015). Given the well
described role of LH in the control of feeding and other moti-
vated behaviors and strong septal projections in the LH, we in-
vestigated whether and how septal inputs to LH regulate food
intake. Because distinct neurons within LH have been shown to
have opposing and specialized roles in the control of feeding
(Brown et al., 2015; Stuber and Wise, 2016), we investigated the
putative postsynaptic neuron targets in LH that mediate the sep-
tum’s effects on feeding. It is well demonstrated that activation of
GABAergic neurons in LH increases appetitive and consumma-
tory behaviors (Jennings et al., 2015; Navarro et al., 2015; Nieh et
al., 2015; Wu et al., 2015; Barbano et al., 2016; Nieh et al., 2016).
Because GABAergic transmission in LH has been shown previ-
ously to reduce feeding (Kelly et al., 1979; O’Connor et al., 2015),
we reasoned that GABAergic neurons in septum reduce feeding
by inhibiting LH GABAergic neurons.

In this study, we sought to determine the role of a neuro-
chemically distinct population of septal neurons that express the
GABAergic neural marker vesicular GABA transporter (vGAT)
in the regulation of food intake and to identify downstream tar-
gets within the LH that mediate these effects. We found that
chemogenetic and optogenetic activation of vGAT-expressing
neurons within the septum suppress food intake, whereas inhibi-
tion of these neurons increases feeding. Subsequent optogenetic-
assisted circuit mapping experiments revealed that septal vGAT
neurons exert suppressive effects on feeding by projecting to LH
and that a subset of septal vGAT neurons provide functional
inhibitory connections to hyperphagia-inducing vGAT neurons
in LH. Collectively, our results demonstrate a previously un-
known circuit for “top-down” septohypothalamic suppression of
appetite, providing new and important insights into neural con-
trol of feeding behavior.

Materials and Methods

Protocol

All experiments were performed in agreement with the guidelines de-
scribed by the National Institutes of Health’s Guide for the Care and Use
of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee at State University of New York Upstate Med-
ical University.

Mice

Adult male and female C57BL/6] and vGAT-Cre mice (5-8 weeks old)
were used for all behavioral experiments. There were no apparent differ-
ences in feeding between male and female mice under our experimental
conditions, so we combined the data obtained from male and female
mice. Mice used for experiments were purchased from The Jackson Lab-
oratory. All mice were provided ad libitum access to food (LabDiet; 5008
Formulab Diet) and water unless otherwise noted. Before stereotaxic
injections, mice were group housed three to five per cage. All chemicals
were purchased from Sigma-Aldrich except clozapine-N-oxide (CNO;
water soluble), which was purchased from Enzo Life Sciences. For exper-
iments requiring intraperitoneal injections, we diluted the stock of CNO
in 200 pl of saline. Injection into the abdomen was made at a 30° angle
and the shaft of the needle entered to a depth of ~5 mm.

Viral vectors

The viral vectors used in this study included: AAV vectors for Cre-dependent
expression of ChR2 [AAV2-EF1la-DIO-hChR2 (H134R)-eYFP] or eYFP
control virus (AAV2-EF1a-DIO-EYFP); trans-synaptic tracer virus (AAV2-
EF1a-IRES-WGA-Cre-mCherry); and Cre-dependent hM3Dq, hM4Di or
mCherry (AAV2-hSyn-DIO-hM3D(Gq)-mCherry; AAV2-hSyn-DIO-
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hM4D(Gi)-mCherry; AAV2-hSyn-DIO-mCherry). All viral vectors were
provided by the University of North Carolina viral core facility and, on
arrival, were aliquoted and stored at —80°C before stereotaxic injections.

Viral injections and optic fiber placement

For surgical procedures, mice were anesthetized with a mixture of ket-
amine/zylazine (60-75 mg/kg; 10 mg/kg; VET One) and placed in a
stereotaxic injection rig (Harvard Apparatus). Stereotaxic injections
were performed as described previously (Sweeney and Yang, 2015; Yang
et al., 2015). Briefly, one or two small burr holes were made above the
septum or the LH using a microprecision drill (Cell Point Scientific). A
micromanipulator (Narishige) was used to deliver small controlled mi-
croinjections to either the septum (bregma +0.4 mm, midline 0.4 mm,
dorsal surface —2.0 mm) or the LH (bregma —1.3 mm, midline * 1.0
mm, dorsal surface —5.0 mm) at a rate of 0.2 ul min ~ . Injections were
delivered either unilaterally or bilaterally, as described in the text and
figure legends. Viral injection volumes were 200 nl for septum and 300 nl
for LH, respectively. Injection needles were left in place for 10 min after
all injections to prevent leakage of virus to nontargeted brain regions. For
trans-synaptic viral injections, two viral injections were performed si-
multaneously. The wheat germ agglutinin (WGA) fused to Cre recombi-
nase (WGA-Cre) virus was injected into the LH together with injections
of Cre-dependent virus in the septum. For in vivo photostimulation (PS)
experiments, a ferrule-capped optical fiber (1.25 mm Ceremic Ferrule;
Thorlabs) was implanted 0.5 mm above either the septum (bregma +0.4
mm, midline —0.4 mm, dorsal surface —1.5 mm) or the LH (bregma
—1.3 mm, midline —1.0 mm, dorsal surface —4.5 mm). Cement
(Dentsply) was used to secure the ferrule to the mouse skull. For postop-
erative care, subcutaneous administration of buprenorphine (1 mg /kg;
VET One) was given twice daily for 3 d after surgery. Two weeks were
allowed for recovery from surgical injections and the expressions of vi-
rally transduced proteins. All mice were single caged and handled for at
least 1 week before the behavioral experiments.

Feeding behavioral experiments

Feeding assays with chemogenetic manipulations of septal or LH
vGAT neurons

Experiment 1.1: Chemogenetic manipulation of septal or LH vGAT neurons
(see Figs. 1, 6). To manipulate a subset of GABAergic neurons localized
within the septal nucleus or LH selectively, we targeted Cre-dependent
viral vectors encoding the stimulatory designer receptor exclusively acti-
vated by designer drugs (DREADD)-hM3Dq or inhibitory DREADD-
hM4Di into the septum or LH of vGAT-Cre transgenic mice that
expressed Cre-recombinase in a subset GABAergic neurons expressing
vesicular GABA transporter (see Fig. 1A). The DREADD-hM3Dq is an
engineered G-protein-coupled receptor that activates Gq-signaling path-
ways selectively and activates neurons via peripheral CNO (Enzo Life
Sciences) administration (Armbruster et al., 2007; Alexander et al.,
2009). DREADD-hM4Di is an engineered G-protein-coupled receptor
that activates Gi inhibitory signaling pathways selectively after CNO ad-
ministration. Adult male and female mice 5— 8 weeks of age were injected
with Cre-recombinase-dependent AAV vectors that expressed hM3Dq,
hM4Di, or mCherry, as described above. All behavioral experiments were
performed in the animal’s home cage. Experimental procedures were
performed as described previously (Sweeney and Yang, 2015; Yang et al.,
2015). Briefly, during feeding behavior experiments, food was replaced
daily with ~20 g of fresh standard chow diet. The food was the same as
the diet provided to the mice ad libitum before the experiments. Food
intake was calculated manually in the home cage at the indicated time
points by briefly removing the food from the cages and measuring its
weight. Food intake was measured after intraperitoneal injections of con-
trol saline (0.9%j; 200 ul) or CNO (1 mg/kg for chemogenetic activation
and 3 mg/kg for chemogenetic inactivation; prepared in sterile 0.9%
saline; 200 ul). Cages were changed daily to prevent food debris from
gathering at the bottom. During acute feeding behavior experiments,
CNO and saline were administered on consecutive days in the following
order: saline on days 1 and 2, CNO on day 3, saline on day 4, and CNO on
day 5. Average food intake during saline and CNO conditions were cal-



Sweeney and Yang e Septohypothalamic Anorexigenic Circuit

culated for each mouse and used in statistical analysis. To test for reduc-
tions in feeding, acute feeding measurements were performed during the
early dark phase (8:30—9:00 P.M.) or after an overnight fast for mice
expressing hM3Dq in septal vGAT neurons; light period (10:30-11:00
A.M.) feeding assays were performed for mice expressing hM4Di in sep-
tal vGAT neurons or hM3Dq in LH vGAT neurons to test for facilitation
of food intake. For overnight fasting experiments, mice were fasted over-
night from 6:00 P.M. until 9:00 A.M. the following morning. Fasting
experiments were performed as described above except that control sa-
line and CNO injections were administered in counterbalanced order,
with half of the mice receiving CNO and half receiving saline (to prevent
potential order effects due to fasting). Mice recovered for 1 week between
all fasting experiments before beginning another round of fasting exper-
iments. All behavioral experimental treatments (saline and CNO) were
repeated at least twice for each mouse.

Experiment 1.2: Chemogenetic activation of septal vGAT neurons pro-
jecting to LH (see Fig. 4). Experimental procedures were performed as
described above except that two viral injections were performed simul-
taneously for each mouse. WGA-Cre virus was injected into the LH
together with injections of AAV vectors expressing Cre-dependent
hM3Dgq or Cre-dependent eYFP into the septum, as described in the text.
After allowing 2 weeks for viral expression and recovery from surgical
procedures, feeding behavior experiments were performed as described
above.

Optogenetic feeding behavior experiments

Experiment 2.1: Feeding assays with optogenetic stimulation of
septal vGAT neurons and their projections in LH (see Fig. 5)

AAV viral vectors expressing Cre-dependent ChR2 fused to eYFP or
control eYFP were injected into the septum and optic cannulae were
placed above the septum and LH, respectively (detailed in the Results and
Figure legends sections). As described in our previous study (Sweeney
and Yang, 2015), fiber-optic cables (200 wm diameter core; BEH48-200-
Multimode, numerical aperture 0.48; Thorlabs) were attached to im-
planted fiber-optic cannulae via ceramic mating sleeves (Thorlabs). After
attachment of fiber-optic cables, mice were single housed in home cages
and habituated to fiber-optic cables for 3 d before behavioral experi-
ments. Ad libitum access to standard chow and water was made available
at all times before and after optogenetic experiments. During PS, 30 or 60
min of light pulse trains (20 Hz; 20 pulses; repeated every 3 s; 3 ms pulse)
were applied using a waveform generator (3322A 20 MHz function wave-
form generator; Agilent Technologies). Output from the waveform gen-
erator was coupled to a blue laser power (473 nm; Altechna) to supply
laser power to fiber-optic cables. Light power exiting the fiber-optic tip
was calculated before experiments to be 15-20 mW. At the start of opto-
genetic experiments, 2-3 pellets of food (6—8 g) were placed on the
bottom of each mouse’s cage. Food intake was measured manually by
carefully removing the food from the cage and obtaining its weight after
either no PS or PS. The 30 min food intake was first measured without PS,
followed by 30 min food intake with PS. Feeding behavioral experiments
were performed during the dark cycle to take advantage of the high
levels of basal food intake displayed by mice during this period
(6:30-7:30 P.M.; lights turn off at 6:30 P.M.). Identical experiments were
performed in mice expressing ChR2 and control eYFP fluorescent virus
to control for potential effects due to light stimulation or treatment
order. For mice in which PS was performed in both the septum and LH,
stimulation was first applied to the septum as described above. Mice were
then returned to their home cages for at least 1 week and a second round
of identical PS experiments were performed while stimulating fibers in
LH. All behavioral experiments were repeated at least twice per mouse. At
the conclusion of all behavioral experiments, viral infection and cannula
targeting were confirmed in all mice. Mice with inaccurate viral infection
or cannula placement were excluded from statistical analysis.

Experiment 2.2: Optogenetic stimulation of septal vGAT inputs

to LH and chemogenetic stimulation of LH vGAT neurons

(see Fig. 6C-E)

Viral injections and optogenetic experiments were performed as de-
scribed above. To activate LH vGAT neurons during PS of septal vGAT
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inputs to LH, the proteins of ChR2 and hM3Dq were expressed in sep-
tum vGAT neurons and LH vGAT neurons, respectively. During feeding
behavior experiments, intraperitoneal injections of CNO or saline were
administered immediately before PS or no PS (as shown in Fig. 6D). Food
intake was measured 1 h after intraperitoneal injections and during PS or
no PS. Experiments were performed during the daytime (10:30—11:30
A.M.) to test for LH vGAT neuron-evoked feeding and were performed
in a counterbalanced order to prevent potential order effects. For exam-
ple, the first trial of experiments were performed every day in the follow-
ing order: saline/PS, CNO/PS, saline/no PS, and CNO/no PS. After 1
week, we performed a second round of experiments in the opposite
order: CNO/no PS, saline/no PS, CNO/PS, and saline/PS. Each treatment
condition was repeated twice for each mouse and the average was calcu-
lated from the two trials for statistical analysis. For each mouse tested, the
change in food intake (see Fig. 6E) was calculated by subtracting the
average food intake for each mouse during saline conditions from
the average food intake for each mouse during CNO conditions (CNO/
PS — saline/PS, and CNO/no PS — saline/no PS, respectively).

Open-field behavioral testing

Experiment 3: Open-field testing in DREADD-transduced mice
(see Fig. 3)

Anxiety-related behavioral testing was performed following the proce-
dures detailed in our previous studies (Sweeney and Yang, 2015; Sweeney
et al., 2016). Briefly, open-field behavioral experiments were performed
on vVGAT-Cre mice transduced with hM4Di1 in septal vGAT neurons. On
the day of open-field testing, mice were transferred to the open-field
behavior room 30 min before starting experiments. The open-field arena
consisted of a brightly lit, 500 mm ? arena in the center of the behavioral
room. All mice were administered intraperitoneal injections of CNO or
control saline 10 min before being placed in the open-field arena. Mice
were then placed in the center of the open field and allowed to explore
freely for 10 min. Exploratory activity was tracked and scored by using
ANY-maze software (Stoelting). Between trials, the arena was cleaned
with 70% alcohol. Experiments were performed in a counterbalanced
order such that half of the mice received saline on experimental day 1 and
the other half received CNO. One week later, open-field experiments
were repeated with the opposite conditions such that mice that received
saline during the first trial received CNO and those that received CNO
received saline. Total distance traveled, speed, time in the center of the
open field, and distance traveled in the center of the open field for each
mouse in control saline and CNO conditions, respectively, were used for
statistical comparisons.

Electrophysiology and circuit mapping

Experiment 4: ChR2-assisted septum to LH circuit mapping and
electrophysiological conformation of chemo/optogenetic
manipulation of neuron activity (see Figs. 2, 5],K)

For chemo/optogenetic manipulation of neural activity, experiments
were performed on mice transduced with ChR2 or DREADD:s (see “Viral
injection” section) in septal vGAT neurons. Acute coronal sections that
included the septum or LH were prepared from the transduced mice with
ChR2, hM3Dgq, hM4Dj, or control fluorescent protein, respectively, in
septal or LH neurons (detailed in the Results section) following the pro-
cedures reported in our previous studies (Qi and Yang, 2015; Sweeney
and Yang, 2015; Yang et al., 2015). Briefly, mice were deeply anesthetized
with isoflurane and decapitated. Mouse brains were dissected rapidly
and placed in ice-cold oxygenated (95% O, and 5% CO,) solution con-
taining the following (in mm): 110 choline chloride, 2.5 KCI, 1.25 NaH,
PO,, 2 CaCl2, 7 MgSO, 25 p-glucose, 3.1 Na-pyruvate, and 11.6 Na-L-
ascorbate, pH 7.3. Coronal brain slices (260 wm thickness) were cut with
avibratome (Vibratome 1000S), maintained in an incubation chamber at
34°C for 30 min, and then brought to room temperature until being
transferred to a recording chamber. During experiments, an individual
slice was transferred to a submersion-recording chamber and continu-
ously perfused with recording solution containing the following (in mm):
119 NaCl, 25 NaHCO;, 11 p-glucose, 2.5 KCl, 1.25 MgCl,, 2 CaCl,, and
1.25 NaH,PO,, aerated with 95% 0O,/5% CO, (~1-2 ml/min at room
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Figure1.

Anorexigenic effects of septal vGAT neurons on food intake. A7, Sample images of viral infections throughout the rostral— caudal axis of the septal nucleus in a mouse transfected with

hM3Dg-mCherry in the septum in a vGAT-Cre mouse. A2, Representative image showing bilateral Cre-dependent transduction of hM3Dg-mCherry in LSd/MS vGAT neurons in a vGAT-Cre mouse.
B, Sample image showing overlap between hM3Dg-mCherry positive LSd/MS vGAT neurons and c-fos signals. Intraperitoneal injections of CNO (n = 2 mice) or vehicle saline (n = 2 mice) were
administered 30 min before perfusions to activate vGAT neurons selectively. , Quantification of the percentage of c-fos-positive LSd/MS vGAT neurons that coexpress mCherry after intraperitoneal
injections of saline or C(NO. CNO injections increased the percentage of c-fos-positive cells also expressing mCherry significantly. D, Schematic outlining feeding behavior protocol. Ad libitum fed mice
were administered intraperitoneal injections of CNO or saline and ad libitum access food intake was accessed 30 min after intraperitoneal injections. E, C(NO administration reduced food intake in
DREADD-hM3Dg-transduced mice (n = 6 mice). F, Nosignificant differencesin food intake were detected between saline and CNO treatments in mice transduced with the control fluorescent protein
mCherry (n = 8mice). G, (NO administration increased food intake in DREADD-hM4Di-transduced mice (n = 6 mice). Data are shown as mean == SEM. Experiments were repeated at least two times
per mouse and average values were calculated for each mouse for saline and CNO treatment conditions. LSd, Dorsal lateral septum; LV, lateral ventricle; MS, medial septum; Acc, anterior commissure.

Scale bars: 41,42, 200 .m; B, 20 em. *p << 0.05, n.s. (not significant).

temperature). Recordings were made at fluorescently labeled septal or
LH neurons identified using a Nikon microscope.

Whole-cell patch-clamp recordings were made in either current- or
voltage-clamp configuration while holding the neurons at —60 mV
throughout the experiment using an Axo-patch 700 B amplifier (pClamp
10.0 software; Molecular Devices). The recording electrodes had tip re-
sistances of ~3-5 M(). Recording pipettes were routinely filled with a
solution containing the following (in mm): 125 K-gluconate, 15 KCl, 10
HEPES, 8 NaCl, 4 Mg-ATP, 0.3 Na-GTP, 10 Na,-phosphocreatine, and 2
EGTA, pH 7.30. Synaptic responses or action potential firing rates were
digitized at 10 kHz. Neurons with series resistances <30 M() were used
for recordings. For optogenetic stimulation, the postsynaptic currents or
neural firing rates were recorded while shining blue light on the surface of
brain slices using an optic fiber connected to a blue laser power (Crysta-
Laser 473 nm) delivering light pulses ranging from 0.1 to 1 mW at the
specimen. Light pulse duration (1-3 ms) was controlled with pCLAMP
10 software (Molecular Devices). For DREADD-based manipulations of
neuronal firing rates, whole-cell current-clamp mode was used for re-
cording neuronal firing rates with a holding potential of —60 mV. For
ChR2-based activation of septal neurons, loose-seal cell-attached record-
ings (seal resistance, 20—70 M(); artificial cerebrospinal fluid (aCSF)
internal) were made on ChR2-transduced septum neurons in voltage-
clamp mode with the holding current maintained at zero throughout the
entire experiment.

Immunofluorescence and imaging

After all the behavioral experiments, mice were anesthetized with an
overdose of ketamine/zylazine (60-75 and 10 mg/kg, respectively; VET
One) before cardiac perfusions. Mice were perfused with 0.1 m PBS,
followed by 4% paraformaldehyde (PFA) in 0.1 M PBS. After perfusion,
mouse brains were removed and fixed overnight in 4% PFA. Tissue was
subsequently immersed for 24 h each in 10%, 20%, and 30% sucrose
solutions (prepared in 0.1 M PBS). Brain sections (40 wm) were prepared
using a cryostat (Leico Microsystems) and mounted onto glass slides for
conformation of viral infection and cannula placement. For c-fos immu-
nostaining, intraperitoneal injections of CNO or control saline were ad-
ministered 30 min before perfusion. Sections were washed 3 times in 0.1
M PBS and blocked in 2% bovine serum albumin (084K8926; Sigma-
Aldrich) in 0.1 M PBS and 0.1% Tween 20 for 2 h. Primary antibody
(rabbit anti-Fos; 1:150; Santa Cruz Biotechnology) incubated in blocking
buffer was added overnight. Sections were then washed 3 times and sec-
ondary antibody (donkey anti-rabbit 680, 1:500; Life Technologies) was
added in blocking buffer for 2 h. Sections were again washed three times
and mounted onto glass slides. Slides were stored at 4°C before image
acquisition. To quantify total c-fos levels, random sections were sampled
and imaged for c-fos reactivity in response to intraperitoneal CNO or
saline injections. Overlap between c-fos- and mCherry-positive neurons
was determined by first quantifying the number of c-fos-positive cells in
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DREADD-based activation and inactivation of septal vGAT neurons. A, Sample trace showing that the addition of CNO to an acute brain slice from a mouse transduced with hM3Dq in

LSd/MS increased the firing rate of septal vGAT neurons significantly compared with before the addition of CNO. B, Sample trace of whole-cell recording of action potentials at one LSd/MS vGAT
neuron transduced with hM4Di in an acute brain slice of a vGAT-Cre mouse. CNO decreased the firing rates significantly compared with before the addition of CNO. €, Grouped data from the
experiments performed in Ain septal vGAT-hM3Dq transduced mice (n = 9). D, Grouped data from the experiments performed in Bin septal vGAT-hM4Di-transduced mice (n = 7). E, Grouped data
from experiments performed in septal vGAT-mCherry-transduced mice (n = 7). Data are shown as mean == SEM. Current whole-cell patch-clamp recordings were made at hM3Dg-, hM4Di-, or
mCherry-transduced LSd/MS vGAT neurons with a holding potential of —60 mV. Scale bar, 50 mV and 30's. **p << 0.01, ***p << 0.001, n.s. (not significant).

the septum and then determining the percentage of these cells that over-
lapped with mCherry signal. For each mouse, c-fos signals were quanti-
fied from four to six random sections and the average number of c-fos */
mCherry * neurons from the counted sections for each mouse was used
for statistical analysis.

Data analysis

Mice were assigned randomly to experimental (DREADD or ChR2 trans-
duced) or control (control florescent protein transduced) groups before
viral injections and behavioral experiments. After post hoc histological
conformation of viral transfection and cannula placements, all mice with
inaccurate viral infections or cannula placements were excluded from
behavior experiments. All experiments were repeated at least twice for
each mouse and an average value was calculated for each mouse for
statistical analysis. Data that were normally distributed were analyzed
with two-tailed paired or unpaired Student’s ¢ test to compare group
data when only two conditions were being compared between the
same or different mice, respectively. Data that did not display a nor-
mal distribution were analyzed with a Wilcoxon matched-pairs rank
test or a Mann—Whitney test for the same or different mice, respec-
tively. Repeated-measures ANOVA with the within-subjects factors
of injection condition (saline vs CNO) and time (0-1, 1-2, or 2-5 h)
were used to analyze the data shown in Figure 4, D and E. Mixed-
factorial ANOVA with the between-subjects factor of viral injection
type (eYFP vs hM3Dq) and the within-subjects factor of time was
used to analyze the data shown in Figure 4F. Sidak’s post hoc test
was used to determine significant effects at the various time-segments
after the detection of a significant main effect. All data analysis was
performed using Prism version 6.0 (GraphPad Software).

Results

Activation of septal vGAT neurons reduces food intake

To examine the influential effects of septal vGAT neurons on
food intake, we targeted a Cre-dependent viral vector encoding

the stimulatory DREADD-hM3Dq into the septum of vGAT-Cre
transgenic mice (Fig. 1A). After viral transduction of the Cre-
dependent DREADD-hM3Dgq, we observed dense vGAT neuro-
nal expression in the dorsal region of lateral septum (LSd) and the
medial septum (MS) (hereafter referred to as LSd/MS vGAT neu-
rons; Fig. 1A). As expected, intraperitoneal injections of the se-
lective DREADD agonist CNO increased the neuronal activity of
LSd/MS vGAT neurons transduced with hM3Dgq, as indicated by
increased neuronal c-fos levels (Fig. 1 B,C; t,, = 7.24, p = 0.02,
Student’s unpaired ¢ test; n = 8 —12 sections/2 mice for the saline
and CNO groups, respectively). Further in vitro patch-clamp re-
cordings confirmed that CNO activates LSd/MS neurons trans-
duced with the stimulatory hM3Dq potently compared with the
basal neural firing level (Fig. 2A,C; t,4 = 4.30, p = 0.0006;
Student’s unpaired t test; n = 9 neurons from 3 mice). To deter-
mine whether these neurons regulate food intake, we next per-
formed feeding assays after intraperitoneal injections of CNO or
saline. Interestingly, we observed that DREADD-based activation
of LSd/MS vGAT neurons reduced feeding during the dark pe-
riod of the rodent light cycle, when mice usually consume food
actively (Fig. 1E; t5y = 3.42, p = 0.02; n = 6 mice; Student’s
paired ¢ test). To further explore the role of these neurons when
mice are more motivated to consume food, we performed sim-
ilar experiments in mice after an overnight fast and observed a
similar trend toward reduced fasting-evoked feeding (saline:
0.93 = 0.04, CNO: 0.81 = 0.07; t(5) = 2.54, p = 0.05;n = 6
mice; Student’s paired ¢ test). CNO administration had no
apparent effects on food intake in mice transduced with con-
trol mCherry, indicating that CNO did not exert nonspecific
effects on food intake (Fig. 1F; t;, = 0.27,p = 0.79; n = 8
mice; Student’s paired ¢ test).
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The aforementioned gain-of-function experiments indicated
that activation of LSd/MS vGAT neurons is sufficient to reduce
food intake (Fig. 1E); however, they do not reveal the significance
of these neurons during normal feeding conditions or whether
these neurons exert tonic inhibition of food intake. We thus per-
formed loss-of-function experiments by transducing LSd/MS
VGAT neurons with the inhibitory DREADD-hM4Di. Consistent
with the well described inhibitory role of hM4Di (Armbruster et
al., 2007; Alexander et al., 2009; Stachniak et al., 2014), in vitro
patch-clamp recordings confirmed that CNO reduces the firing
rate of LSd/MS vGAT neurons transduced with the inhibitory
DREADD-hM4Di (Fig. 2B, D; t(,,) = 3.37, p = 0.006; Student’s
unpaired t test; n = 7 neurons from 2 mice). In addition, we
observed that DREADD-based inactivation of these neurons in-
creased food intake during the light cycle, when mice usually
consume less food (Fig. 1G; t(5, = 2.96, p = 0.03; Student’s paired
t test; n = 6 mice).

Because alterations in basal anxiety levels or locomotion may
effect feeding behavior, we next investigated whether LSd/MS
vGAT neural regulation of food intake was secondary to the po-
tential changes in anxiety or locomotion. To test this possibility,
we performed open-field exploration tests in vGAT-Cre mice
transduced with the DREADD-hM4Di in LSd/MS vGAT neu-
rons. Similarly to a previous report, we did not observe apparent
changes in basal anxiety levels during chemogenetic inactivation
of LSd/MS vGAT neurons (Anthony et al., 2014). In particular,
no significant differences were detected between saline and CNO
treated mice in time spent in the center (Fig. 3C; 5, = 0.01,p =
0.99; Student’s paired t test; n = 9 mice) or distance traveled in
the center (Fig. 3D; t5) = —1.09, p = 0.30; Student’s paired ¢ test;
n = 9 mice). Whereas DREADD-based inactivation of LSd/MS
vGAT neurons increased food intake (Fig. 1G), locomotion was
not altered, as measured by total distance traveled (Fig. 3A;
ty = —0.06, p = 0.95; Student’s paired t test; # = 9 mice) and
average speed (Fig. 3B; t5, = —0.13, p = 0.90; Student’s paired ¢
test; n = 9 mice). These findings suggest that LSd/MS vGAT
neurons are not significantly involved in anxiety or locomotion
under basal conditions, although we cannot rule out more subtle
roles for these neurons in anxiety, locomotion, or other behaviors
related to feeding.

Activation of septal neurons projecting to LH reduces

food intake

We next sought to identify the projection target(s) of septal neu-
rons that is responsible for septal neural reductions in food in-
take. Previous studies have established that multiple septal
subregions, including LSd and MS, project to the LH (Risold and
Swanson, 1997; Sartor and Aston-Jones, 2012). Based on the
well established role of LH in the control of feeding behavior
(Anand et al., 1951; Grossman et al., 1978; Stricker et al., 1978;
Grossman et al., 1982; Berthoud and Miinzberg, 2011; Brown et
al., 2015; Jennings et al., 2015; Nieh et al., 2015; Wu et al., 2015;
Stamatakis et al., 2016), we investigated whether septal projec-
tions to LH regulate food intake. To determine whether septal
neurons project to LH and to investigate the role of these projec-
tions in the control of food intake, we used a “retro-DREADD”
approach described previously (Gradinaru et al., 2010; Xu and
Stidhof, 2013; Sweeney and Yang, 2015). The trans-synaptic
tracer WGA-Cre was injected into the LH simultaneously with a
second injection of Cre-dependent hM3Dq into septum (Fig.
4A-C), allowing for the selective labeling and activation of septal
neurons anatomically connected with the LH. After viral trans-
duction, we observed sparse labeling of hM3Dq-mCherry soma
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Figure 3.  DREADD-based manipulation of septal vGAT neurons does not affect anxiety or

locomotion. A, Grouped behavioral data showing total distance traveled during 10 min in the
open field in vGAT-Cre mice transduced with hM4Di in septal vGAT neurons. No significant
difference was detected between saline and CNO treatment conditions in total distance traveled
during 10 min of open-field exploration. B, Grouped behavioral data of the average speedin the
open field after saline or CNO injections. No significant differences were detected between
salineand CNO treatments in DREADD-hM4Di transduced mice. €, D, Time in center and distance
in center after CNO and saline treatments in DREADD-hM4Di-transduced mice. No significant
differences were detected in time spentin center or distance traveled in center between the two
treatment groups. n = 9 mice for all panels; n.s. (not significant).

in the septum (Fig. 4C). Chemogenetic activation of septal neu-
rons connected to LH led to a reduction in food intake (Fig. 4D;
main effect of CNO treatment, F; 5, = 25.29, p = 0.002; two-way
repeated-measures ANOVA with within-subjects factors of treat-
ment and time segment; n = 7 mice). To control for potential
nonspecific effects of CNO, we performed similar experiments in
mice transfected with WGA-Cre in LH and control virus in sep-
tum. Consistently, food intake was not reduced after CNO treat-
ment in mice transduced with control virus in septum (Fig. 4E;
main effect of CNO treatment, F(, 5y = 3.3, p = 0.13; two-way
repeated-measures ANOVA with within-subjects factors of treat-
ment and time segment; n = 6 mice). We also observed that food
intake was significantly reduced in hM3Dg-transduced mice
treated with CNO compared with control eYFP-transduced mice
treated with CNO (Fig. 4F; main effect of virus injection; F(, ;,, =
29.17, p < 0.001; mixed-factorial ANOVA with within-subjects
factor of time segment and between-subjects factor of virus in-
jection type; n = 6 mice for eYFP group and n = 7 mice for
hM3Dq group). Post hoc analysis indicated that food intake was
reduced in hM3Dg-injected mice from 1 to 2 h after injection
(p = 0.009) and 2-5 h after injection (p = 0.01) and trended
toward a reduction in food intake from 0 to 1 h after injection
(p = 0.06). Although WGA may label polysynaptically connected
neurons in both the anterograde and retrograde direction, retro-



Sweeney and Yang e Septohypothalamic Anorexigenic Circuit J. Neurosci., November 2, 2016 - 36(44):11185-11195 * 11191

D | LHWGA-Cre-mCherry:LSd/MSDIO-hMSDq I
0.5 *x
D 0.4 { W saline
2 El cno
o 03
S
£
B o2
(=]
|1
0.1
E o3 | LHWGA-Cre-mCherry: | Sd/M SPIO-eYFP
n.s.
2 02 Il saline
@
£ B Cro
S
£
T
by 01
(=]
[
L Sd/M §DI0-hM3Dg 0

01 12 25

Intervals post saline or CNO injections (hr)
F 0.2 1
—_— x%%
D 0.1 1 LHWGA-Cre-mCherry.
@ L Sd/M ShM3Da/eYFP
X
= YFP
.g I -
|.|°. 0.1 1 I hM3Dq
-1 01 12 25

-0.2 4 Time post CNO injection (hr)

Figure 4. Selective activation of LH-projecting septal neurons reduces feeding. A, Experimental design to express hM3Dq selectively in septal neurons anatomically connected with LH. The
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virus transports Cre-recombinase to anatomically connected cell populations, allowing for Cre-dependent viral infection only in neurons connected with LH. B, €, Sample images showing
WGA-Cre-mCherry expression in the LH (B) and Cre-dependent hM3Dq expression in the septum (C). D, Feeding behavior experiments showing that intraperitoneal injections of CNO reduce feeding
inhM3Dg-transduced mice relative to saline treatment (n = 7 mice per group). E, No significant difference was detected between saline and CNO treatments in mice injected with control eYFP virus
in septum (n = 6 mice per group). F, Change in food intake (relative to saline injection condition) in mice transduced with hM3Dq (n = 7) or eYFP (n = 6) in septal vGAT neurons. A significant main
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(NO conditions were used for statistical analysis. Data are shown as mean == SEM. 3rd V, third ventricle; LV, lateral ventricle; LS, lateral septum; MS, medial septum. Scale bars: B, 400 m; C, 500

um. *p < 0.05, **p < 0.01,***p < 0.001.

DREADD experiments suggest that activation of septal projec-
tions in LH reduce feeding. We thus next sought to perform
cell-type-specific optogenetic experiments to determine the role
of this putative neural circuit in the control of food intake.

Activation of septal vGAT projections in LH reduces

food intake

Because chemogenetic activation of LSd/MS vGAT neurons (Fig.
1E) or the LH-projecting septal neurons reduced food intake
(Fig. 4), we predicted that LSd/MS vGAT neurons constitute a
major septal projection pathway to the LH, which is supported by
previous reports that GABAergic neurons are the most abundant
neurons within the septum (Risold and Swanson, 1997). To stim-
ulate LSd/MS vGAT neuronal projections in the LH selectively,
we expressed Cre-dependent ChR2 in LSd/MS vGAT neurons
and inserted an optic fiber above the LH in vGAT-Cre mice (Fig.
5A-C). Consistent with our chemogenetic data (Fig. 1E), we ob-
served that in vivo PS of LSd/MS vGAT neuronal soma markedly
reduced food intake (Fig. 5E; t,, = 3.73, p = 0.02; Student’s
paired ¢ test; n = 5 mice). In vitro current-clamp recordings con-

firmed that PS (20 Hz for 1 s, repeated every 3 s) reliably evoked
action potentials in ChR2-transduced LSd/MS vGAT neurons
(Fig. 5]), consistent with a previous report (Aponte et al., 2011).
Furthermore, in vivo optogenetic stimulation of LSd/MS vGAT
projections in LH led to a reduction in food intake, indicating
that LSd/MS vGAT projections to the LH contribute to LSd/MS-
based appetite suppression (Fig. 5F; Z = —43, p = 0.03; Wil-
coxon signed-rank test; n = 10 mice). To exclude the possibility
of nonspecific effects potentially caused by in vivo PS, we per-
formed similar experiments in mice transduced with the control
fluorescent protein eYFP in LSd/MS vGAT neurons and did not
observe a significant effect on food intake after PS (Fig. 5G; to) =
1.27, p = 0.24; Student’s paired t test; n = 10 mice). To further
control for the potential effects of PS on food intake, we com-
pared the change in food intake (i.e., food intake during PS minus
food intake before PS) for each mouse after PS in ChR2- and
eYFP-transduced mice. Importantly, we found that optogenetic
stimulation of VGAT soma in septum (Fig. 5H; #,,) = 3.32, p =
0.006; Student’s unpaired ¢ test; n = 9 mice for the eYFP group and
n = 5 mice for the ChR2 group, respectively) and neuronal fibers in
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Figure 5.  ChR2-assisted dissection of an inhibitory septal-hypothalamic feeding circuit. A, Strategy to express channelrhodopsin (ChR2) in LSd/MS vGAT neurons and insert fiber-optic cannula
above LSd/MS or LH. Cre-dependent viral injections of ChR2 and the control fluorescent protein mCherry were delivered into LSd/MS and LH, respectively, to photostimulate LSd/MS vGAT neurons
or their projections in LH and to label vGAT neurons in LH. Fiber-optic cannulas were inserted above both LSd/MS and the LH to stimulate LSd/MS vGAT neurons or LSd/MS projections selectively in
the LH. B, Representative image showing viral expression of Cre-dependent ChR2 in the LSd/MS of a vGAT-Cre mouse. , Images showing LSd/MS neuronal projections labeled with ChR2-eYFP
(green) in the LH with overlapping LH vGAT neurons labeled with mCherry (red). D, Experimental design for optogenetic feeding behavior experiments. Food intake was measured at 30 min
increments before and during PS. E, PS of LSd/MS neurons reduced food intake (n = 5 mice). F, PS of LSd/MS projections in the LH reduced food intake (n = 10 mice per group). G, No significant
changes in feeding were detected in mice injected with control eYFP-expressing vectors (n = 10). H, Change in food intake during PS of septum (relative to before PS) for mice expressing eYFP in
septum (n = 9 mice) or ChR2 in septum (n = 5 mice). A significant difference in food intake was detected between eYFP- and ChR2-transduced mice, indicating that PS of septal vGAT neurons
reduced feeding relative to eYFP control conditions. Change in food intake was calculated by subtracting the average amount of food consumed before PS from the average amount of food consumed
during PS for each mouse to obtain a change score for every mouse tested. All change scores for all mice were averaged for statistical analysis. /, Change in food intake during PS of septal projections
in LH in mice transduced with ChR2 (n = 10 mice) or control eYFP virus (n = 10 mice). PS of septal vGAT fibers expressing ChR2 in LH reduced food intake compared with PS of eYFP fibers in LH.
J, Sample traces of PS-evoked action potential firing of septal vGAT neurons transduced with either ChR2 (top trace; n = 8) or control eYFP (bottom trace; n = 6); blue lines represent the onset and
offset of PS (20 Hzfor 15, repeated every 3 s). K, ChR2-assisted circuit mapping. IPSCs were recorded at LH vGAT neurons (5 of 25 recorded neurons) while photostimulating ChR2-expressing LSd/MS
VGAT projectionsin the LH in the presence of TTX and 4-AP. IPSCs were diminished in the presence of the GABA, receptor antagonist picrotoxin (100 ). Data are shown as mean == SEM. Scale bars:
B, 200; C, left, 100 wum; C, right, 20 um; J, 40 pA and 15; K. 4 pA and 50 ms. *p << 0.05, **p << 0.01, n.s. (not significant).

LH (Fig. 5 U = 19, p = 0.03; Mann—Whitney test; # = 9 mice for ~ input from septum to LH, as described in our previous study
the eYFP group and # = 10 mice for the ChR2 group, respectively) ~ (Sweeney and Yang, 2015). Interestingly, we detected functional
significantly reduced food intake in ChR2-transduced mice com-  GABAergic synaptic currents in ~20% of recorded LH vGAT

pared with eYFP-transduced mice. neurons. The synaptic currents were eliminated with application
of GABAergic receptor blocker picrotoxin, confirming their in-
Septal vGAT neurons project to LH vGAT neurons hibitory nature (Fig. 5K). These results suggest that a specific

To determine whether LSd/MS vGAT neurons are functionally ~ subpopulation of LH vGAT neurons mediates the septum’s an-
connected to LH vGAT neurons in the LH, we transduced  orexigenic effect on food intake, although we cannot exclude the
LSd/MS vGAT neurons with ChR2-eYFP and LH vGAT neurons  potential contribution of other non-vGAT-expressing cell types
with control mCherry, respectively, in the same vGAT-Cre trans-  within LH.

genic mice and performed ChR2-assisted circuit mapping in

acute brain slices containing LH (Fig. 5K). Experiments were  Activation of LH vGAT neurons blocks septal suppression
performed in the presence of the sodium channel blocker tetro-  of feeding

dotoxin (TTX; 1 uMm) and the potassium channel blocker  Because inhibitory septal inputs to LH reduce feeding (Fig. 5F,I)
4-amynopyridine (4-AP; 100 uM) to detect direct monosynaptic ~ and septal vGAT neurons provide functional inhibitory connec-
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Chemogenetic activation of LH vGAT neurons evokes feeding and blocks septal vGAT suppression of food intake. A, Experimental timeline for chemogenetic experiments. Mice were

injected with saline or C(NO and food intake was measured 60 min after intraperitoneal injections. B, Feeding behavioral assays showing that food intake is increased after CNO injections in mice
transduced with the DREADD-hM3Dq in LH vGAT neurons (n = 6 mice). €, Schematic showing experimental design to coactivate septal vGAT inputs to LH and LH vGAT neurons. ChR2 and hM3Dq
were expressed, respectively, in septal and LH vGAT neurons in vGAT-cre mice and a fiber-optic cannula was inserted above the LH to photostimulate septal vGAT inputs to LH. D, Experimental
timeline for occlusion experiments. Intraperitoneal injections of CNO were immediately followed by 60 min of PS orno PS, as shown. E, Change in food intake after intraperitoneal CNO injections. For
each mouse tested, the change in food intake was calculated by subtracting the amount of food consumed after saline injections from the amount of food consumed after CNO injections. No
difference was detected between mice treated with CNO + PS and mice treated with CNO + no PS (n = 5 mice). Data represent mean == SEM. *p << 0.05, n.s. (not significant).

tions to LH vGAT neurons (Fig. 5K), we next investigated
whether chemogenetic activation of LH vGAT neurons would
facilitate feeding. In support of the hypothesis that septal neurons
reduce feeding by inhibiting the activity of LH vGAT neurons,
chemogenetic activation of LH vGAT neurons robustly increased
food intake (Fig. 6B; t(5) = 2.76, p = 0.04; Student’s paired ¢ test;
n = 6 mice). We next tested whether activation of LH vGAT
neurons could occlude the reduction in feeding observed after PS
of septal vGAT inputs to the LH. To test this prediction, we
expressed the protein of ChR2 in septal vGAT neurons and in-
serted an optic cannula into LH (Fig. 6C). In the same mice, to
activate LH vGAT neurons selectively, we expressed hM3Dq in
LH vGAT neurons (Fig. 6C). PS of septal vGAT inputs in LH did
not significantly affect feeding during chemogenetic activation of
LH vGAT neurons (Fig. 6E; t 4, = 0.20, p = 0.85; Student’s paired
t test; n = 5 mice). These findings suggest that activation of LH
vGAT neurons is sufficient to block the anorexic effects of septal
vGAT inputs to LH.

Discussion

Feeding behavior is an essential process that is maintained by
multifaceted neural circuits primarily residing in the hypothala-
mus and hindbrain (Williams and Elmquist, 2012; Schwartz and
Zeltser, 2013; Sternson et al., 2013; Sternson and Atasoy, 2014).
However, the relative influence of higher-level cognitive and
emotional brain circuits to hypothalamic control of feeding re-
mains underexplored. Here, we characterized the role of the sep-
tum, a brain region understudied in metabolic control but
heavily implicated in stress, anxiety, and aggression (Spiegel et al.,
1940; Albert et al., 1976; Sparks and LeDoux, 2000; Sheehan et al.,
2004; Singewald et al., 2011), in the control of food intake. Al-
though previous studies have described a role for the septum in
feeding behavior (Scopinho et al., 2008; Mitra et al., 2014;
Mitra et al., 2015; Terrill et al., 2016), the cell types and neural
circuits responsible for septal control of feeding have remai-
ned elusive. In the present study, we found that activation of
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vGAT-expressing neurons in the septum decreases feeding by
projecting to the LH and inhibition of these neurons increases
food intake (Figs. 1; 4, 5, 6).

Septal vGAT neurons suppress food intake

Our results demonstrate that septal vGAT neurons reduce food
intake without apparent changes in anxiety and locomotion. Pre-
vious studies have investigated the role of septal inputs to hypo-
thalamic nuclei in stress and anxiety behavior (Bakshi et al., 2007;
Singewald et al., 2011; Anthony et al., 2014; Mitra et al., 2015).
Based in large part on these and other studies, it was believed that
lateral septum reduces anxiety via projections to the hypothala-
mus. A recent report, however, demonstrated that a subset of
CRF-2 (corticotrophin-releasing factor 2)-expressing neurons in
the lateral septum increase stress-induced anxiety by projecting
to the anterior hypothalamus (Anthony et al., 2014). In the pres-
ent study, we find that septal inputs to LH reduce feeding (Figs. 4,
5). Given the shared function of septal-hypothalamic circuits in
stress and feeding (Bakshi et al., 2007; Singewald et al., 2011;
Anthony et al., 2014; Mitra et al., 2015), these neural circuits may
represent promising targets for circuit specific mechanisms govern-
ing the complex interactions among feeding, stress, and emotion.
Future studies are needed to investigate the individual circuits from
septum to hypothalamus for feeding and anxiety and to determine
whether these circuits are distinct or overlapping.

LH mediates septal vGAT neural suppression of food intake
Our feeding assays and neural circuit analysis demonstrate that
septal vGAT neural projections to the LH reduce food intake and
that these septal neurons provide functional inhibitory connec-
tions to a subpopulation of vGAT neurons localized in the LH.
Consistently, LH vGAT-expressing neurons have been shown to
be critical for driving consummatory behaviors (Jennings et al.,
2015; Navarro et al., 2015; Nieh et al., 2015; Wu et al., 2015).
Consistent with these past findings, our chemogenetic experi-
ments indicate that activation of LH vGAT neurons profoundly
enhances food intake (Fig. 6B). It appears that LH vGAT neurons
may have a specialized role in driving nonhomeostatic or com-
pulsive drive to consume food because a recent study showed that
LH vGAT neurons drive consummatory behaviors regardless of
caloric content or even biological relevance (Navarro etal., 2015).
These findings are consistent with classical theories linking LH
function and feeding to mesolimbic dopamine circuitry (Wise et
al., 1978; Wise et al., 1981; Yeomans, 1982; Nieh et al., 2015;
Barbano et al., 2016; Nieh et al., 2016). Furthermore, recent find-
ings demonstrate that LH vGAT neurons are capable of increas-
ing dopamine levels in nucleus accumbens by inhibiting local
inhibitory neurons in ventral tegmental area (Nieh et al., 2016).
Our results indicate that septal vGAT neurons provide upstream
inhibitory inputs to LH vGAT neurons (Fig. 5K). However, it
remains unclear whether inhibitory septal inputs to LH vGAT
neurons are capable of suppressing the output of LH vGAT neu-
rons to the mesolimbic dopamine circuitry. Nonetheless, our re-
sults support a model in which septal vGAT neurons reduce
feeding, atleast in part by suppressing the activity of the mesolim-
bic dopamine circuitry through LH vGAT neurons. Future
studies are needed, however, to more fully test the potential in-
teractions among septal vGAT neurons, the mesolimbic dopa-
mine circuitry, and motivated behavior.

Conclusions
It appears that LH vGAT neurons are poised to integrate multiple
inputs originating from distinct brain regions to adaptively mod-
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ulate motivational behaviors, including feeding. Interestingly,
the inhibitory GABAergic inputs projecting to LH target oppos-
ing LH cell populations to differentially affect feeding behavior.
For instance, the GABAergic neurons localized in the bed nucleus
of the stria terminalis project to glutamatergic neurons localized
in the LH to increase food intake (Jennings et al., 2013). In con-
trast, the GABAergic neurons in nucleus accumbens project to
LH GABAergic neurons to decrease feeding (O’Connor et al.,
2015), similar to the septum, as demonstrated in the present
study. Together, these findings highlight the importance and ne-
cessity of cell-type- and projection-specific targeting approaches
to assigning neural circuit functions to behavior because seem-
ingly identical presynaptic inputs can have opposing behavioral
effects depending on the origin of the input and the postsynaptic
cell type. Further work is needed to determine why seemingly
identical presynaptic inputs interact preferentially with opposing
postsynaptic targets in LH (Jennings et al., 2013; O’Connor et al.,
2015). Nevertheless, we propose that neural circuits providing
upstream inhibitory input to LH vGAT neurons represent prom-
ising therapeutic targets for future circuit-specific approaches to
pathological conditions related to reward and motivation.
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