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NEUROSCIENCE

A lateral hypothalamus to basal forebrain neurocircuit
promotes feeding by suppressing responses to
anxiogenic environmental cues

Ryan M. Cassidy1’2'3, Yungang Lu', Madhavi Jere? Jin-Bin Tian™®, Yuanzhong Xu',
LeandraR. Mangieri1’3, Blessing FeIix-Okorojis, Jennifer Selever’®°, Yong Xu'®,

Benjamin R. Arenkiel””®?, Qingchun Tong™?'"#

Animals must consider competing information before deciding to eat: internal signals indicating the desirability of
food and external signals indicating the risk involved in eating within a particular environment. The behaviors driven
by the former are manifestations of hunger, and the latter, anxiety. The connection between pathologic anxiety and
reduced eating in conditions like typical depression and anorexia is well known. Conversely, anti-anxiety drugs such
as benzodiazepines increase appetite. Here, we show that GABAergic neurons in the diagonal band of Broca (DBBSAB*)
are responsive to indications of risk and receive monosynaptic inhibitory input from lateral hypothalamus GABAergic
neurons (LH®BA), Activation of this circuit reduces anxiety and causes indiscriminate feeding. We also found that
diazepam rapidlle/ reduces DBBSABA activity while inducing indiscriminate feeding. Our study reveals that the
LHGABA_, DgRGAB
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underlie the link between eating and anxiety-related disorders.

INTRODUCTION

Animals must constantly determine whether it is safe to eat and over-
come environmentally driven anxiety to allow feeding. In a risky or
uncertain environment, animals display anxiety with heightened food
selectivity (I1-3). This may explain the tight connection between picky
eating and anxiety associated with heightened sensory sensitivity in
humans (4, 5). Further, maladaptive responses to sensory signals,
especially related to food, underpin the connection between eating
and anxiety commonly seen in diseases such as autism and anorexia
nervosa (6, 7). However, brain regions mediating the connection be-
tween anxiety and hunger, especially those related to behavioral inhi-
bition in the face of a risky environment, are not yet known. The
basal forebrain is known for its role in processing sensory informa-
tion, mediating arousal, and governing behavioral inhibition (8-10).
Clinically, dementia types with early involvement of the basal fore-
brain have increased appetite and altered eating habits (11, 12). Our
recent work has shown that ablation of cholinergic neurons, a subset
of GABA(y-aminobutyric acid receptor type A)ergic neurons, in the
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neurocircuit overrides anxiogenic environmental cues to allow feeding and that this pathway may

diagonal band of Broca (DBB) within the basal forebrain increases
feeding and results in obesity (13). Thus, the DBB is likely to be in-
volved in the connection between anxiety and feeding.
Hypothalamic neurons also regulate feeding and associated emo-
tional states. Agouti-related peptide neurons, for example, promote
feeding with changes in valence, anxiety, and aggression during neg-
ative energy balance (14-18). GABAergic neurons of the lateral hypo-
thalamus (LH®*?4) also alter the behavioral phenotype in response
to hedonic stimuli (19). Selective activation of a subset of their projec-
tions promotes positive reinforcement, predatory attack, and feeding
behavior (20-24). How hypothalamic regulation of feeding interfaces
with anxiogenic environmental cues remains unknown. Here, we
sought to test the possibility that a heretofore undescribed neuro-
circuit between the LH and DBB mediates some of these effects.

RESULTS

LH®ABA neurons project to and inhibit DBB neurons to

drive feeding

To demonstrate an LH-specific projection to the DBB, we used pan-
creatic and duodenal homeobox 1 (Pdx1)-Cre mice. Previous research
in our laboratory has demonstrated that injecting cre-dependent
viruses to the LH region results in selective expression within LH
(LH?*") neurons and not the surrounding area (22, 23). LHP!
neurons targeted with AAV-Flex-ChR2-EYFP showed prominent
projections to the DBB (fig. S1). To selectively activate these projec-
tions, we implanted an optic fiber over the DBB (Fig. 1A). Photo-
stimulation induced feeding in LHP-ChR2 mice but had no effect
on LH *S*P controls (fig. S2A). Since LH"! neurons are a mix of
GABAergic and glutamatergic neurons, we used brain slice electro-
physiology of postsynaptic DBB neurons to determine the postsyn-
aptic current elicited after optogenetic stimulation of LHPdx1-ChR2
terminals in that area. Since only inhibitory postsynaptic currents
(oIPSCs) were observed, we concluded that these projections were
primarily GABAergic (fig. S2, B and C).

1of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

A AAV-Flex-ChR2-EYFP
Optic fiber

Fkk * *k %
C o064 D o064 — E ==
0.6+
= < =
€ 0.4 € 0.4 €044
e = e
2 3 2
£
§ 0.2 § 0.2 § 0.2
0] 9] 0]
O 0= 2 WD ch
re im. 0S! N\ P ow
P e Fasted —Stim
*%k
F ns. G Stm. Nostm. H —
0.6+ 0.6+
£ £
Eo04- S 0.4
> @
£
§0.24 5 0.2-
9] ° ' 0}
“TRFDCh HFD  Chow
Fed +Stim Fasted +Stim
* S.
| 0.6 — J Stim. No stim. K o2 % L n.s
L = 0.2
£ € €
S04 204 e
2 g 201
©0.2 © o
o '\ 9] 9]
0 6
0-10 10-20 0-10  10-20 0-10 10-20
-Stim  -Stim +Stim -Stim +Stim  -Stim
12 hrs Fasted 12 hrs Fasted 24 hrs Fasted

Fig. 1. Activation of LHS*®A_, DBB projections drives indiscriminate feeding.
(A) Diagram demonstrating LH injection with AAV-Flex-ChR2-EYFP and implanta-
tion of optic fiber over the DBB. (B) Representative coronal slices of | HVgat-ChR2-EYFP
(left) and EYFP+ fibers in the DBB (right). Scale bars, 250 um. VMH, ventromedial
hypothalamic nucleus; VDB, vertical limb of the DBB; HDB, horizontal limb of the
DBB. (C) Food intake of fed mice during 10-min periods before (pre), during (stim),
and after (post) photostimulation of LHSA®A— DBB projections (n = 15, P < 0.001).
(D) Effect of DBB pretreatment with GABAzine [y-aminobutyric acid type A (GABA-A)
receptor antagonist] or saline on photostimulation-induced feeding (n=5,P=0.015).
(E and F) Mouse preference for high-fat diet (HFD) or chow in the fasted state (E;
n=6,P=0.019) and in the fed state with photostimulation (F; n =9, P = 0.96). (G)
Representative trace of a single mouse’s movement during competitive choice test.
Regular chow (reg) is paired with photostimulation. (H) photostimulation-paired
chow consumption compared to nonpaired HFD consumption (n=5,P=0.011).(I) Food
consumption in 10-min increments upon food exposure after 12-hour fasting (n = 6,
P =0.028). (J) Representative trace of mouse movement when choosing between
photostimulation or chow consumption after 12 hours (hrs) of fasting. (K and L) Food
consumption when choosing between chow and photostimulation after 12 hours
during the photostimulation period (0 to 10 min) and after photostimulation is
ended (10 to 20 min) (K; n =6, P=0.001) and 24-hour fasting (L;n =9, P=0.34).n.s.,
not significant. *P < 0.05; **P < 0.01; ***P < 0.001.

We also used two trans-synaptic tracing strategies to further
confirm the existence and molecular identity of the LH—DBB pro-
jection. The first strategy used a single-synapse anterograde virus,
AAV], carrying a plasmid encoding Cre (25). Injection into the LH
of Ai9+ animals revealed cre activity in the DBB (fig. S3, A to C);
antibody staining against choline acetyltransferase revealed that
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most of downstream neurons were cholinergic (fig. S3, D to I). The
second strategy used a retrogradely transported virus, rAAV2-retro,
carrying a plasmid encoding Cre and H2B::Venus (26). Injection
into the DBB revealed selective expression within the DBB and up-
stream expression within the LH (fig. S4, A to C); antibody staining
revealed that these neurons were not substantially colocalized with
a melanin-concentrating hormone (fig. 4, D to F). We did identify
a subset of presynaptic neurons in the LH that colocalized with
orexin A (the image with greatest colocalization is presented in fig. S4,
G to I). Previous research has demonstrated a role for orexin in the
basal forebrain in the sleep/wake cycle (27). Nonetheless, our data
on feeding and predominant IPSCs recorded from photostimulating
LH"®!_Cre neuron projections suggest a potential dominance of
GABAergic projections in the LH—DBB pathway.

Thus, we used Vgat-cre mice (28) to selectively target L eu-
rons (LH"#" or LH®*P4) for optogenetic manipulations. Targeting
LHY# neurons with AAV-Flex-ChR2 (LHV&t-ChR2) revealed dense
fibers in the DBB (Fig. 1B). Similarly, labeling LH"8" neurons with
AAV-Flex-Synaptophysin::EGFP revealed specific GABAergic syn-
aptic terminals in the DBB (fig. S5). These observations are in
accordance with our data showing only some overlap between
DBB-projecting neurons and orexin+ (and none with MCH+)
neurons in the LH, as these have been demonstrated to be Vgat
negative (29, 30).

Activation of LH"8""®_, DBB projections induced rapid, light-
locked feeding behavior, recapitulating our findings with LH -
mice (Fig. 1C and movie S1). LHVgat-ChR2 Jight-induced feeding was
prevented by pre-microinjection of GABAzine, a GABA, receptor
antagonist, to the DBB (Fig. 1D). From these data, we conclude that
the LHS*P*— DBB neurocircuit promotes feeding. Further, the local
injection of GABAzine demonstrates that the feeding effect that we
observed is not due to backpropagation of action potentials to LH"5*
somata or axon collaterals.

HGABA n

LHSABA_, DBB activation alters preference for

palatable foods

Since feeding behavior is influenced by food palatability, we next
explored whether the observed feeding was dependent on the
evaluated palatability of the food to be consumed. This is partic-
ularly interesting given that activation of somatostatin-positive
neurons (likely also GABAergic) in the basal forebrain selectively
induced consumption of a palatable food for rodents, high-fat
diet (HFD) (31). As expected, control mice in the fasted (12 hours)
state selectively consumed HFD and not standard chow (Fig. 1E).
However, LHSABA DBB activation in the fed state elicited indis-
criminate consumption of both chow and HFD (Fig. 1F). This indi-
cates an alteration in the evaluation of the palatability of the food.
To test the extent of altered food palatability caused by circuit acti-
vation, we next created a competition paradigm, where fasted mice
must choose between chow paired with photostimulation and
unpaired HFD; they uniformly preferred stimulation-paired chow
(Fig. 1, G and H). Last, to test whether circuit activation is merely
magnifying hunger or having other effects with positive valence,
we extended the competition paradigm to force mice to choose
either photostimulation or chow consumption over 10 min. The
pairing was then removed, and food consumption over the next
10 min was measured to determine whether mice retained hunger
after ceasing stimulation. As expected, in the control condition,
mice approached food right away and ate food during both 10-min
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epochs (Fig. 1I). However, when forced to choose between photo-
stimulation and food, mice refrained from eating until stimula-
tion was removed (Fig. 1, ] and K). Prolonged fasting (24 hours)
reduced this preference (Fig. 1L), suggesting that activation is
not sufficient to overcome intense physiologic hunger induced by
24-hour fasting.

LHCABA_, DBB activation reduces anxiety

Given the results of the competition experiments, we next exam-
ined how circuit activation affects behavior in the absence of food
altogether. First, we established that activation has a positive va-
lence using the real-time place preference (RTPP) test. In the RTPP
test, mice are allowed to move freely between sides of the chamber,
with one side paired with photostimulation. LH&“"2 mice pre-
ferred the area coupled to photostimulation, whereas LH"8*6F?
had no preference (Fig. 2, A and B). Notably, there was no differ-
ence in locomotion within the paired area (Fig. 2C). We next tested
mouse behavior on the open-field test (OFT), where the entire
chamber is paired with photostimulation; in this case, mice spent
more time in the center and moved more in the OFT (Fig. 2, D to F).
The observed increase in movement may reflect food seeking,
since food availability reduced locomotion (fig. S6). This may
also explain why the example movement trace in the absence
(Fig. 2A, bottom) of food covers greater area than in the presence
(Fig. 1, G and ) of food.

To test the extent of positive valence encoded by photostimula-
tion, we tested whether mice were willing to overcome the inherent
anxiety of being in the center to receive photostimulation. They
demonstrated preference for the center when it was paired with
stimulation (Fig. 2G). However, this preference was quickly lost
once photostimulation was removed, even after 7 days of training
on the conditioned place preference (CPP) test. (Fig. 2H). These
results suggest that the positive valence effect of circuit activation
may be primarily related to its alleviation of anxiety, rather than
independently rewarding.

Circuit-mediated reduction in anxiety allows for

food consumption

Given the two major behavioral phenotypes observed—reduction
in anxiety and increase in hunger—we next sought to examine the
causal relationship between these two behaviors. First, we examined
whether stimulation results in a greater amount of food consumed
per minute or a faster food approach (i.e., reduced latency to onset
of feeding). Notably, shorter latency to food consumption is a
classic marker of reduced anxiety and is a standard metric used to
judge the efficacy of anti-anxiety medication (32). We found that
photostimulation of fed mice reduced latency to onset of feeding as
compared to mice that fasted for 24 hours (Fig. 2I). However, it
does not seem to indicate a substantial increase in hunger, as the
total amount of food consumed was comparable and there was no
difference in the feeding rate from onset of consumption to end of
test (Fig. 2, J and K).

To further examine the interaction between anxiety and hunger,
we explored how placement of HED on the open or closed arm of an
elevated plus maze (EPM) with regular chow on the converse arm
affected consumption after fasting (fig. S7, A and B). It is well estab-
lished that being on the open arm is aversive to rodents and that
they strongly prefer the closed arm. Our earlier data (Fig. 1E) indi-
cate that mice naturally prefer HFD over chow when given equal
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access. Coincident with this, when HFD is located on the closed
arm, fasted mice began eating HFD immediately and never touched
the chow. However, in the flipped condition, there were increased
latency to HFD approach, reduced HFD consumption, decreased
latency to chow approach, and increased chow consumption (fig.
S7,Cto F).

Given that placing palatable food on the open arm reduced its
value, we next isolated the effect of food placement on feeding be-
havior (Fig. 2L). Fasted mice showed reduced latency and increased
consumption when food was placed on the closed arm as opposed to
the open arm (Fig. 2, M and N). Last, activation of the LHABA-DBB
neurocircuit markedly reduced the latency to feeding on the open
arm while producing a comparable amount of food consumption
(Fig. 2, O and P). From these results, we concluded that (i) anxiety
imposed by environment substantially affects both feeding behavior
and food choice and (ii) LHYAPALDBB activation reduces this
environmental anxiety to allow feeding to occur.

LHGABA BGABA

neurons specifically target DB neurons

Having established the behavioral consequences of circuit activation,
we next explored what types of neurons within the DBB are post-
synaptic to LH*PA— DBB projections. The DBB contains both gluta-
matergic and GABAergic neurons; the latter includes acetylcholine
and somatostatin co-releasing neurons (31, 33, 34). First, we used a
double-injection method of ChR2 into the LH and a cre-dependent
fluorescent label in the DBB of Vgat-cre or Vglut2-cre mice and then
performed brain slice electrophysiology (Fig. 3A). In Vgat-cre, we
targeted the LH with AAV-Flex-ChR2-EYFP and the DBB with
AAV-DIO-hM3Dq-mCherry (marking LH"8" fibers with EYFP
and DBB"®" neurons with mCherry). In Vglut2-cre, we targeted the
LH with AAV-Fas-ChR2-mCherry and the DBB with AAV-Flex-
EGFP. The Fas-ChR2 vector is “Cre-Off,” such that only neurons
that do not express Cre will express ChR2 (35). This means that
LHN"VeM2 fihers will be marked with mCherry and that DBBY&"2
somata will be marked with enhanced green fluorescent protein
(EGFP). Patching the fluorescent cell bodies in the DBB allowed
molecular identification of the downstream target. From all neurons
recorded, only DBB“*?A neurons were shown to receive inhibitory
input (Fig. 3, B and C).

We next sought to validate these data in vivo using a similar
targeting strategy (Fig. 3A). Vgat-cre mice received an injection of
AAV-Flex-ChR2 into the LH, and AAV-Flex-DIO-hM3Dgq-
mCherry [a synthetic excitatory receptor that can be activated with
clozapine-N-oxide (CNO); see fig. S8, top, for fluorescent pattern
and CNO-induced c-fos expression]. Pretreatment of LH V8:t-ChR2;
DBBY&"M3Pd ice with CNO substantially reduced the amount
of photostimulation-induced feeding (Fig. 3D). We also used the
converse strategy, where Vglut2-cre mice received an injection
of AAV-Fas-ChR2 in the LH and AAV-Flex-hM3Dq-mCherry
in the DBB (fig. S8, bottom). Pretreatment of LHVglut2:Fas-ChR2,
DBBVEUZ MDA ice with CNO had no effect on stimulation-
induced feeding (Fig. 3E).

To further confirm the LH®4DBB“*** connection, we used
a real-time fiber photometry of calcium-dependent fluorescence from
LH%*P4 and DBB“*P* neurons expressing AAV-DIO-GCaMP6m
(36). After fasting, simultaneous recording of LH "8 6CaMPom 414
DBBV8* CCaMPOM Koy rons showed that, as LHS“P neurons in-
creased their activity (Fig. 3F, top), DBB"#" neurons showed a concom-
itant decrease (Fig. 3F, bottom) specifically during the feeding bout.
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Fig. 2. Activation of LH®*®* . DBB projections reduces anxiety. (A to C) Effect of photostimulation of LH®*®*— DBB projections on RTPP test (n = 14 per group). (A)
) Y. p proj per group,

Representative trace of mouse movement (black) in gray zone and photostimulation-paired magenta zone (stim zone). (B and C) Comparison between LHVgatChR2
mice and LHY9**%" mice on percentage of testing time spent in stim zone (B; P < 0.001) and average velocity in stim zone (C; P = 0.15). GFP, green fluorescent protein.
(D to F) Ten-minute OFT in LHV9atChR2 ica (n = 9): Photostimulation effect on mouse movement (black trace) on OFT (D; center is shaded gray) and effect of photo-
stimulation on percentage of time in center (E; P = 0.015) and distance traversed (F; P = 0.038). (G and H) CPP test for photostimulation-paired center in LHVgatChR2
mice over 20 min per test (n = 9): mouse movement in chamber with (magenta) or without (gray) photostimulation-paired center (G), and effects of training on per-
centage of time spent in center initially without stimulation compared to the first training day (P = 0.007) and last training day to no-photostimulation extinction
phase (24 hours after day 7; P < 0.001) (H). (I to K) Effect of photostimulation of LH®"BA_,pBB projections on feeding behaviors compared to 24-hour fasted mice
(n =15 per group): Effect of photostimulation on latency to feeding (I; P < 0.001) and food consumed (J; P = 0.022). (K) Food consumed per minute of feeding
(P =0.09). (L to N) Influence of food location on open or closed arm of EPM on fasted-refeeding response in control mice (n = 20). (L) Schematic showing two testing
conditions: food placed on the closed (gray) arm or food placed on the open (white) arm. (M) Latency to the first bite of food in closed or open condition (P < 0.001).
(N) Consumption 10 min following first bite (P < 0.001). (O and P) Influence of activation of LHS*®A—DBB on feeding when food was on open arm of EPM (n = 7).
(O) Latency to the first bite of food on open arm when fasted or fed and with (+stim) laser stimulation (P = 0.004). (P) Consumption 10 min following the first bite
(P =0.06). *P < 0.05; **P < 0.01; ***P < 0.001.

Last, we sought to demonstrate in vivo that activation of LH'8"“""2  observed that voluntary interaction with a novel object correlated

neurons produces a time-locked reduction in activity of DBB8*  with increased DBB"&*" C“™MPM tivity during the period of active
neurons. Simultaneous photostimulation of LH8"“" cell bodies  investigation of the novel object; this was repeatable across interac-
and fiber photometry recording from DBBY8* GC®MPom o]l hodies  tions and between mice (Fig. 4C, picture inset demonstrating what
demonstrated both a pulse frequency-dependent and a pulse was coded as stimulus onset, and movie S2). In addition, both
duration-dependent reduction in DBB fluorescence (Fig. 3, Gand H).  looming threat (Fig. 4D) and loud sound (Fig. 4E) stimuli increased
Together, these results convinced us that LH*P* neurons specifical- ~ DBBY8*"G<®MP™ o ctivity. Each of these is a sign of danger for a lab-
ly inhibit DBBSABA neurons in real time, with the strength of LH-  oratory mouse (1, 37, 38) and indicates that these neurons are in-

GABA yctivation producing greater amounts of DBB““* inhibition. volved with heightened attention to anxiogenic stimuli. We also

found the converse effect, where DBBVgat-GCaMPém neyirons showed
DBB®*” neurons are highly sensitive to anxiogenic decreased activity during feeding bouts, consistent across feeding
environmental cues bouts and between mice (Fig. 4, F and G, and movie S3). Last, treat-

Having demonstrated the specific connection between LH** and  ment with diazepam, an anti-anxiety benzodiazepine known to re-
DBBSABA peurons, we then sought to look at the conditions in  duce latency to food consumption (32), reduced DBBY8* ¢CaMPém
which DBB%*** neurons are activated. We monitored activities of  activity (Fig. 4, H and I). We found that administering diazepam
DBBY8-GCaMPom 1 1rons (Fig. 4, A and B) in several conditions. We  to fed mice caused feeding (Fig. 4]). Further, administration to
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P = 0.006; photostimulation:CNO-photostimulation, P = 0.88). (F) Simultaneous recording of LH'92"CCMPEM 51 pBRYIa-GCaMPem 1 jlation activity during feeding bouts

(shaded areas). (G and H) Effect of photostimulation of LH'9*""?2 ce|l bodies on DBBY92t6CaMP6
*P < 0.05; **P < 0.01; ***P < 0.001.

fasted mice caused indiscriminate feeding when given access to
both chow and HFD simultaneously (Fig. 4K). From these data,
we concluded that DBB®APA neurons respond to environmental cues
of threat and reduce their activity during feeding. We also found that
diazepam reduced DBB“*®* neuronal activity and recapitulated the
indiscriminate feeding phenotype produced by LH6ABA DBBGABA
activation.

DISCUSSION

In this study, we found a previously unidentified LH®4 - DBBAB4
pathway that promotes feeding by suppressing environmentally
driven anxiety. This projection likely acts in concert with other
known projections of LH**P neurons to coordinate successful
feeding (20-24). In vivo fiber photometry data show that DBBSAB4
neurons respond to anxiogenic environmental stimuli and re-
duce activity during feeding. This is consistent with the known
function of DBB neurons in promoting environment-responsive
arousal (8-10). Our data thus suggest that LH**®* neurons not
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neuronal activity at various frequencies (G) and pulse durations (H).

only induce appetitive and consummatory behaviors but also al-
ter sensitivity to the environment to promote feeding behavior.
Since the induced feeding state observed here is indiscriminate,
this suggests that some of the altered sensitivity may result via
altered evaluation of food value itself. This aligns with the con-
verse phenotype of picky eaters who have anxious personalities
and with a study showing that activation of forebrain soma-
tostatin neurons increases anxiety with selective consumption of
a calorie-dense diet (5, 31). We further explored this point and
demonstrated that environmentally driven anxiety is a key medi-
ator in the selection and proportion of low-value, but safe food
consumed compared to high-calorie, but unsafe food. Moreover,
the recapitulation of our circuit data with the effects with diaze-
pam further points to the fundamental link between anxiety, food
evaluation, and food consumption. Notably, despite verifying
correct LH targeting, because of inherent variation associated
with stereotaxic injections and the continuous distribution of
GABAergic neurons between the LH and nearby regions, e.g., the
dorsomedial hypothalamus, we could not completely rule out a
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HGABA

slight contribution of nearby non-L neurons in some mice hunger, weight gain, and metabolic disease (39). These include

tested in our study.

From a pharmacologic perspective, our data are notable
because one of the most troubling aspects of nearly all psychotropic
agents for anxiety and depression is their strong tendency to induce
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drugs used for children with sensory processing disorders, such as
risperidone for autism (40). Further, given recent compelling data
demonstrating that LH*** neurons can be activated by the pres-
ence and consumption of rewarding foods and encode reward
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prediction (24), it is conceivable that the LHC®ABA, DBBYABA neuro-
circuit may be involved in “stress eating,” i.e., consumption of
rewarding foods to reduce feelings of anxiety. A clinical example of
this may be the compulsion to binge seen in binge-eating disorder
after acute stress (41). Mechanistic demonstration of the direct link
between the hedonic LH and the anxiogenic DBB provides tantalizing
evidence that this heretofore difficult-to-define behavior in humans
may have firm grounding in neurobiology. Knowledge of the neuro-
circuitry mediating the tight connection between hunger and anxiety
provides a mechanistic platform for specific development of be-
havioral interventions and therapeutics against eating and anxiety-
related disorders.

MATERIALS AND METHODS

Animal care

All mice were maintained in the Institute of Molecular Medicine
semibarrier animal facility. They were housed at 21° to 22°C on a
12-hour light/dark cycle with standard pellet chow and water ad
libitum—except in fasting experiments. Animal care and proce-
dures were approved by the University of Texas Health Science
Center at Houston Institutional Animal Care and Use Committee
(IACUC). All TACUC guidelines were followed for care and use of
mice. Strains of mice used in this study have been described previ-
ously: Pdx1-cre, Vgat-cre, Vglut2-cre (22, 23, 28). Male and female
mice were used in roughly equal numbers as preliminary analysis
revealed no significant difference in behavior. Multiple litters were
used, and mice were at least 6 weeks old before surgery.

Neurosurgery

Stereotaxic surgery for the delivery of viral vectors to localized
brain regions and for optical fiber implantation was performed
as previously described, with 0.1-mm precision in the anterior-
posterior (AP), mediolateral (ML), and dorsal-ventral (DV) axes (22).
Mice were anesthetized with a ketamine/xylazine/acepromazine
cocktail (80, 8, and 2.5 mg/kg); after confirmation of the absence
of the pedal reflex, mice were affixed into the stereotaxic frame,
and skin over the cranium was incised. Viral vectors were deliv-
ered with a 0.5-pl syringe (Neuros Model 7000.5 KH, point style 3;
Hamilton, Reno, NV, USA) with the infusion rate controlled by a
microinjector motor (Quintessential Stereotaxic Injector; Stoelting,
Wood Dale, IL, USA) between 25 and 50 nl/min. Viral prepara-
tions were titered at ~1012 particles/ml. Coordinates for injection
were as follows: AP —1.5, ML —0.9, and DV -5.1 (for LH); AP +1.1,
ML -0.1, and DV -5 (for DBB). For optogenetic experiments, an
uncleaved fiber optic cannula [@1.25-mm stainless ferrule, @200-um
core, 0.39 numerical aperture (NA); Thorlabs, Newton, NJ, USA]
was cut to 4.8 to 5.0 mm in length for implant over the DBB. For
fiber photometry, a precleaved wide-aperture fiber optic cannula
(©1.25-mm stainless ferrule, @400-um core, 0.66 NA; Doric Lenses,
Quebec, QC, Canada) were implanted over the LH or DBB. For
GABAzine and saline in vivo microinfusions, a guide cannula
was placed over the DBB, which permitted preinjection of drug,
before placing a removable optic fiber. Fast-drying acrylic glue
and then dental cement were used to secure implantation be-
fore suture. Two injections of carprofen (5 mg/kg) were adminis-
tered after surgical analgesia, 24 hours apart. All LH injections
were unilateral since preliminary data showed no difference be-
tween right and left activation; DBB injections were centrally lo-
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cated (with 0.1-mm right shift to avoid sagittal sinus) and thus
bilateral.

Viral vectors
The following plasmids that were packed in viral vectors were used
for this study. Unless otherwise specified, each was packaged either
in AAV serotype 2/9 or in DJ/8 by the Baylor College of Medicine
Neuroconnectivity Core (B.R.A. and ].S.) or commercial sources.

AAV-Efla-FLEX-hChR2(H134R)-EYFP-WPRE-hGHpA
(Addgene, 20298)

AAV-Eflo-FLEX-hChR2(H134R)-EYFP-WPRE-pA (University
of North Carolina Vector Core)

AAV-Efla-FLEX-EGFP-WPRE-pA (Baylor Neuroconnectivity
Core)

AAV-Efla-FLEX-Syn::EGFP-WPRE-hGHpA (Baylor Neuro-
connectivity Core)

AAV-Eflo-FAS-ChR2(H134R)-mCherry-WPRE-pA (Addgene,
37090)

AAV-Efla-FLEX-TVA-mRuby (Baylor Neuroconnectivity Core)

AAV-EF10-DIO-GCaMP6m-WPRE-pA (Baylor Neuroconnec-
tivity Core)

AAV-Efla-DIO-hM3Dq-pA-mCherry (Baylor Neuroconnec-
tivity Core)

(capsid AAV2/1) pAAV-Efla-EGFP-2A-iCre (Baylor Neuro-
connectivity Core)

(capsid rAAV2-retro)AAV-Efla-iCre-P2A-H2B::Venus (Baylor
Neuroconnectivity Core)

Brain slice electrophysiology

Coronal brain slices (250 to 300 um) containing the DBB (centered
around the ventral portion) were harvested from Cre+ mice at least
3 weeks after unilateral LH injection of AAV-FLEX-ChR2-EYFP or
AAV-FAS-ChR2-mCherry. After inhalational anesthesia of isoflu-
rane, mice were decapitated and brains were quickly harvested and
preserved in ice-cold cutting solution. After slicing, the brains were
incubated in 32°C artificial cerebrospinal fluid (aCSF) for an hour
and then maintained at room temperature until used for recording.
aCSF composition was as follows: 125 mM NaCl, 2.5 mM KCl, 1 mM
MgCl,, 2 mM CaCl,, 1.25 mM NaH,POy, 25 mM NaHCOj3, and
10 mM p-glucose, bubbled with 95% O,/5% CO,. During recording,
slices were superfused with aCSF (2 ml/min) warmed at 32°C
(feedback-controlled in-line heater TC-324B, Warner Instruments).
Cells were identified through a 40x water-immersion objective with
differential interference contrast and infrared illumination. DBB
neurons were selected for recording if found medial to the islets of
Cajal and below the horizontal midline and recording for the pres-
ence or absence of cre-dependent fluorescence in the pertinent
experiments. Whole-cell voltage-clamp recordings were made using
patch pipettes (3 to 5 megohms) filled with Cs*-based low internal
CI” solution, containing 135 mM CsMeSO3, 10 mM Hepes, 1 mM
EGTA, 3.3 mM QX-314, 4 mM Mg-adenosine triphosphate, 0.3 mM
Na2-guanosine triphosphate, and 8 mM Na,-phosphocreatine (pH
7.3 adjusted by CsOH; 295 mOsm). For ChR2-assisted circuit map-
ping, 473-nm laser light (Opto Engine LLC, Midvale, UT, USA) was
pair-pulsed onto the DBB at 1 to 5 ms). When an inhibitory current
(IPSC) was identified (no excitatory currents were identified),
GABAzine (10 uM) was bath-perfused to block GABA-A receptors
and eliminate the current. After recovery, tetrodotoxin (0.5 uM;
Alomone Labs, Jerusalem, Israel) then 4-aminopyridine (100 puM;
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Acros Organics, Fisher Scientific, Pittsburgh, PA, USA) was bath-
applied to block action potentials and network activity, selecting
only for photostimulation-induced monosynaptic currents.

Behavioral testing

All tests were conducted during the light cycle after at least 3 weeks
of recovery from surgery in clean empty cages without bedding. For
optogenetic feeding experiments, an integrated rotary joint patch
cable connected the ferrule of the implanted optic fiber to the
473-nm diode-pumped solid-state laser (Opto Engine LLC, Midvale,
UT, USA). Light pulse protocol (10 Hz with 50-ms pulses at ~10 to
15 mW/mm? was selected empirically on the basis of feeding data)
was generated by a Master-8 pulse stimulator (A.M.P.I,, Jerusalem,
Israel). For the RTPP test, OFT, and competing choice feeding as-
says, the laser activity was routed through a Noldus EthoVision XT
(Noldus Information Technology, Wageningen, Netherlands) be-
havioral chamber camera; EthoVision XT 11.5 software was used to
control laser activity dependent on mouse position.

Feeding

Unless otherwise specified, mice were fed ad libitum in their home
cages with standard pellet chow in their home cage before testing.
All mice were previously exposed to HFD (Research Diets D12492;
20% protein, 60% fat, 20% carbohydrate, 5.21 kcal/g) in their home
cage several days before tests with HFD. For Pdx1-cre mice, the
amount of food consumed over a 15-min laser stimulation period
was compared between Flex-ChR2-transfected and Flex-GFP-
transfected mice. For Vgat-cre, amounts of food consumed per
mouse over a 10-min prestimulation period, 10-min laser stimula-
tion period, and 10-min post-laser stimulation period were com-
pared. To determine food preference, mice were given free access to
both regular chow and HFD during a 10-min laser stimulation pe-
riod. To test competing preference for laser versus food, mice were
habituated to the Noldus chamber for 10 min with laser paired to
one side of the chamber and then, one of two paradigms was used:
(i) regular chow was placed in laser on side, and HFD was placed in
the laser off side; and (ii) regular chow was placed in the laser off
side, and no food was placed in the laser on side. Latency to food
consumption was calculated as the time spanning from the begin-
ning of food exposure after a 24-hour fast or onset of laser stimula-
tion and the first time the mouse bit the pellet.

Pharmacology

GABAzine or saline (~200 nl) was infused into the DBB via a guide
cannula. The dose is comparable to other microinjection techniques
targeting the basal forebrain in mice (42). After 15 min, an optic fiber
connected to a cap was fixed into place into the guide cannula, and
laser stimulation pulsed. For diazepam experiments, mice were
intraperitoneally injected with either saline or diazepam (3 mg/kg)
dissolved in 0.1% carboxymethyl cellulose at 1:10 dilution of stock
dissolved in dimethyl sulfoxide (DMSO) and then placed into testing
cage; timing began immediately after injection, with regular chow
(ad libitum fed state) or regular chow and HFD (fasted state) placed
into the testing cage with water. Food consumption was measured
after 2 hours.

Clozapine-N-oxide

Two strains of mice were used: Vgat-cre with LHFlex-ChR2 and
DBBDIO-GqDREADD, and Vglut2-cre with LHFas-ChR2 and
DBBDIO-GgDREADD. Both had an optic fiber implanted over the
DBB. These were injected with either saline or CNO (3 mg/kg at
1:15 stock solution in DMSO) and left in a testing chamber for
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30 min. Food was measured, and then, mice were exposed to 10 min
of laser stimulation; food was measured again afterward.

RTPP test, OFT, CPP test, and EPM

Pdx1-cre and Vgat-cre mice transfected with Flex-ChR2 or Flex-GFP
were placed into the Noldus behavior chamber and had activity
monitored for 20 min, with laser stimulation paired to one side of
the chamber. Testing was initiated when mouse was in the laser off
zone. Half of the mice in each group had the left side of the chamber
paired with laser stimulation, and half with the right side, to coun-
terbalance possible testing differences. Mouse movement was tracked
and analyzed using EthoVision XT software (version 11.5; Noldus
Information Technology, Wageningen, Netherlands). For the open
field, the periphery of the chamber was determined as ~2 mouse
(10 cm) widths; the patch remaining in the center is the “center.” In
the CPP test, this center area was paired with laser activation. For
the EPM tests, mice fasted overnight were then placed on the center
of the EPM and habituated for 10 min. Then, regular chow was
placed on either the open or closed arm (see fig. S5 for HFD placed
on the converse arm), and the mouse was then placed on the open
arm with the food to allow discovery. Latency to food consumption
was determined as above; the mice were allowed 10 min to consume
food after first bite.

Fiber photometry

Equipment

All fiber photometry was conducted using a Doric Lenses setup,
with a light-emitting diode (LED) driver controlling two connec-
torized LEDs (405 and 465 nm) routed through a five-port
Fluorescence MiniCube [order code: FMC5_AE(405)_AF(420-
450)_E1(460-490)_F1(500-550)_S] to deliver excitation light for
calcium-independent and calcium-dependent signals to the im-
planted optic fiber simultaneously. Emitted light was received
through the MiniCube and split into two bands—420 to 450 nm
(autofluorescence: calcium-independent signal) and 500 to 550 nm
(GCaMP6 signal: calcium-dependent signal). Each band was col-
lected by a Newport 2151 Visible Femtowatt Photoreceiver module
(photometer) with an add-on fiberoptic adaptor. Output analog
signal was converted to digital signal through the fiber photometry
console and recorded using the “Analog-In” function on Doric
Studios (V4.1.5.2).

Behavioral tests

Looming threat. Mice are acutely sensitive to potential predatory
presence and approach, and this stimulus is anxiogenic. Laboratory
environments and the experimenter themselves induce a similar
anxiogenic response, with close neurotheological correlates to
predator response (1, 37, 38, 43). Thus, we used a meaningful
predator stimulus for laboratory mice: the looming threat of an
experimenter’s hand. Mice were tested in their home cage with
the roof removed; after 3 min of acclimation to the connected cable,
the experimenter placed one hand 2 cage heights above the mouse
for 3 s; and the onset of hand movement was set as time 0.

Loud sound. Similarly, mice are wary of loud sounds indicating
potential danger. Mice were tested in their home cage with the roof
removed; after 3 min of acclimation to the connected cable, the ex-
perimenter (positioned across the room out of sight of the mouse
and immobile) clapped hands five times in rapid succession. The
onset of clapping was set as time 0.

Novel object. Mice were placed in a testing chamber and accli-
mated for 10 min. Then, recording was initiated; 30 s after recording
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onset, a novel object (15-ml Falcon tube cap) was placed in a corner
of the cage. The novel object interaction onset was determined by
the moment when the mouse’s nose touched the novel object.

Fast-refeeding. After a 24-hour fast, mice were placed in a test-
ing chamber and acclimated for 10 min. Then, recording was ini-
tiated; 30 s after recording onset, HFD and regular chow were
placed into two different corners of the testing chamber. Food
consumption bout onset was determined by the moment when the
mouse bit the pellet (fecal consumption was excluded); food con-
sumption bout offset was set when the mouse ceased chewing and
began investigatory sniffing behaviors/rearing. Two experimenters
(R.M.C. and M.].) independently viewed the videos to determine
the offset, and the averaged onset/offset time between the two
was used.

Diazepam. Mice were habituated for 2 to 3 min with the cable
attached in their home cage, and then, recording was started. After
2 min, mice were given an intraperitoneal injection of either saline
or diazepam (3 mg/kg; Sigma-Aldrich) and were monitored for the
next 20 min. No food or other stimulus was present during testing.
Data analysis
Data were acquired through Doric Studios V4.1.5.2. and saved as
comma-separated files (header was deleted) at a sampling rate of
either 1 or 2.5 kS/s. An in-house script (available upon request)
written in R (V3.4.4. “Someone to Lean On,” packages ggplot2,
reshape, zoo, plyr, viridis, and scales) was used to calculate the base-
line fluorescence (FO0) using linear regression [compare (36)] across
a chosen period of recording. The change in fluorescence (dF) was
then determined from the residuals and multiplied by 100 to arrive
at percentage of dF/F0. A sliding median with a window 51 data
points in width was used to reduce noise. For looming threat, loud
sound, and novel object, the baseline was calculated from 10 s be-
fore stimulus onset to 20 s after stimulus onset. For fast-refeeding,
because mice typically engage in a series of quick successive feeding
bouts, the FO was calculated across a 50-s period with the feeding
bout in the center. The average percentage of dF/F0 across the whole
period was compared to the average percentage of dF/F0 during the
feeding bout. For diazepam, 1.5 min before intraperitoneal injection
was used to calculate the baseline, and this period was averaged and
compared to a 1.5-min time segment occurring 5 min after intraper-
itoneal injection.

Stimulation frequency-dependent inhibition. For this test, there
was leakage of laser-emitted light into the fiber photometer. Two
filtering methods were applied: (i) a raw intensity cutoff slightly
higher than the highest natural peak observed in the trace and (ii) a
sliding median window 1800 sample points in width (~0.7 s) applied
to eliminate remaining laser-induced artificial light increases.

Note: The calcium-independent fluorescence signal was also re-
corded during all tests. No significant alteration in signal level was
observed compared to calcium-dependent signal (indicating steady
LED excitation), so we do not display these data for simplicity ex-
cept in movies S2 and S3.

Tissue section imaging and immunohistochemistry

To harvest brain tissue, mice were given a lethal injection of ketamine/
xylazine/ acepromazine. After loss of the pedal reflex, mice were
transcardially perfused with 15 ml of saline and 15 ml of 10% buffered
formalin. The brain was then extracted and stored in 10% buffered
formalin for at least 1 day, and then, the brain was switched to
30% sucrose solution and stored for at least 1 more day. Brains were
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frozen with dry ice on a microtome and sectioned into 30 uM slices.
The slices were mounted onto microscope slides and coverslipped
with Fluoromount (Diagnostic BioSystems Inc., Sigma-Aldrich). A
confocal microscope was used to image the slices (Leica TCS SP5,
Leica Microsystems, Wetzlar, Germany). For immunohistochemistry,
brains were washed and placed in a blocking solution for 1 hour
(10% donkey serum, 0.3% Triton X-100 dissolved in phosphate-
buffered saline), and then incubated overnight at 4°C with the
appropriate primary antibody. Then, after washing, they were incu-
bated overnight at 4°C with the appropriate secondary antibody.
Purple and green, rather than red and green, were used for ease of
visual discrimination. The following antibodies were used:
Primary

c-Fos rabbit monoclonal antibody (mAb) (9F6) (#2250, Cell Sig-
naling Technology)

Orexin A rabbit mAb (#H-003-30, Phoenix Pharmaceuticals)

Melanin-concentrating hormone rabbit mAb (#H-070-47, Phoenix
Pharmaceuticals)
Secondary

Alexa Fluor 647-conjugated AffiniPure Donkey (H+L) anti-rabbit
immunoglobulin G (Jackson ImmunoResearch)

Distance from bregma in millimeters is written next to the scale
bar in each image; these are approximated with reference to Franklin
and Paxinos (44).

Statistical analysis

Data were collected into organized Excel (2016) sheets and exported
into tab-delimited format. All statistical tests were run using R (V3.4.4.
“Someone to Lean On,” packages ggplot2, reshape, zoo, plyr, viridis,
and scales). Mice exposed to two different conditions were compared
using two-tailed paired ¢ test. When two different groups of mice are
tested, they are compared using two-tailed Welch’s unequal variance
t test. For the CNO-blocked feeding test, a one-way ANOVA was
used for the three conditions, and Tukey’s honestly statistical differ-
ence test was used for post hoc analysis. Means and SE are displayed
as gray bar graphs behind individual data points.

Fiber photometry heat map

Individual traces were aligned to zero at stimulus onset and aver-
aged to produce an average trace. These averaged traces were then
normalized from 0 to 1 using the R scales package; each mouse’s
scaled average trace was combined into a heat map. The viridis
package was used to generate a colorblind-friendly color scheme
for heat map.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/3/eaav1640/DC1

Fig. S1. Optogenetic targeting projections from LH neurons to neurons in the DBB.

Fig. S2. Electrophysiological recordings on DDB neurons that receive monosynaptic inputs
from LH neurons.

Fig. S3. Tracing DDB neurons that receive direct inputs from LH.

Fig. S4. Tracing LH neurons that send direct projections to DBB neurons.

Fig. $5. LH®*®A neurons send direct projections to the DBB.

Fig. $6. Optogenetic stimulation of LH**®* to DBB projections increased food-dependent
exploratory behavior.

Fig. S7. Competition between anxiogenic conditions and feeding behavior.

Fig. S8. Verification of synthetic excitatory receptor (hm3Dq) expression in DBB neurons.
Movie S1. Activation of LH'9%'—DBB fibers (laser ON) induces immediate increase in sniffing,
licking, and exploratory behavior, followed by consumption of chow.

Movie S2. Fiber photometry data of novel object interaction.

Movie S3. Fiber photometry data of food consumption after 24-hour fasting.
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