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An excitatory projection from the basal forebrain to
the ventral tegmental area that underlies anorexia-
like phenotypes
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In brief

Through combined circuit tracing, in vivo
fiber photometry recording, and mouse
genetics and behavioral studies, Cai et al.
identified a glutamatergic circuit from the
basal forebrain to VTA glutamatergic
neurons, activation of which led to
anorexia-like phenotypes. They observed
that the hypophagia phenotype was
accompanied by reduced dopamine
release.
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SUMMARY

Maladaptation in balancing internal energy needs and external threat cues may result in eating disorders.
However, brain mechanisms underlying such maladaptations remain elusive. Here, we identified that the
basal forebrain (BF) sends glutamatergic projections to glutamatergic neurons in the ventral tegmental
area (VTA) in mice. Glutamatergic neurons in both regions displayed correlated responses to various
stressors. Notably, in vivo manipulation of BF terminals in the VTA revealed that the glutamatergic BF —
VTA circuit reduces appetite, increases locomotion, and elicits avoidance. Consistently, activation of VTA
glutamatergic neurons reduced body weight, blunted food motivation, and caused hyperactivity with behav-
ioral signs of anxiety, all hallmarks of typical anorexia symptoms. Importantly, activation of BF glutamatergic
terminals in the VTA reduced dopamine release in the nucleus accumbens. Collectively, our results point to
overactivation of the glutamatergic BF — VTA circuit as a potential cause of anorexia-like phenotypes

involving reduced dopamine release.

INTRODUCTION

With ever-changing environmental threat cues and internal nutri-
tional checkpoints, an appropriate decision to engage in feeding
behaviors is key to animal survival. Ongoing physical and
perceived environmental disturbances can override internal en-
ergy needs and suppress feeding behaviors.'** Maladaptation
in balancing internal energy needs and external threat cues
may result in anorexia or overeating, associated with debilitating
malnutrition or obesity. In humans, heightened stress responses
triggered by external cues reduce appetite and food motiva-
tion.>* Specifically, in patients diagnosed with anorexia nervosa,
an eating disorder with self-imposed starvation that has the high-
est mortality rate among mental disorders, there is a high preva-
lence of generalized anxiety disorders,*® suggesting a profound
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impact of heightened stress responses on feeding behaviors.
However, the brain circuits involved in sensing external stress
cues to modulate feeding behaviors appropriately remain
elusive.

In addition to its well-known functions in regulating arousal,
wakefulness, learning, and memory, the basal forebrain (BF)
has also been shown to sense environmental cues and process
sensory input.”'? The BF contains cholinergic, gamma-amino-
butyric acid (GABAergic), and glutamatergic neurons, and all
these neuron groups respond to external stimuli.”"'" Interest-
ingly, recent results also suggest the importance of BF neurons
in feeding regulation. BF GABAergic neurons promote food con-
sumption and drive high-calorie food intake.'®'* Loss of BF
cholinergic neurons induces massive obesity due to increased
food intake, whereas chronic activation of BF glutamatergic
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(BFY9“2 i e., expressing vesicular glutamate transporter 2) neu-
rons leads to reduced food intake and starvation.'>'® Notably,
BFV9'"®2 neurons respond to various sensory inputs, including
odors with different valences, predator cues, and other physical
threats associated with reduced feeding in animals.'®""-'® These
observations posit that the BF serves as a functional hub for
sensing environmental cues, thus capable of profoundly impact-
ing feeding behaviors.

The ventral tegmental area (VTA) is a well-studied dopamine
(DA)-enriched midbrain structure involved in reward responses,
motivation, learning, and memory.'?" Consistent with its role
in reward consumption, the VTA has also been shown to modu-
late feeding, especially with respect to hedonic behaviors.?® In
particular, DA release from the VTA signals for a high-fat diet
(HFD) intake and coincides with HFD-induced activity changes
in hypothalamic agouti-related protein (AgRP) neurons, which
have been established as key feeding regulatory neurons.?~2°
In particular, VTA DA neurons have been implicated in AgRP
neuron function in linking hypophagia and locomotion.?®?” In
addition to DA neurons, the VTA also contains GABAergic and
glutamatergic neurons, which have been shown to gate DA sig-
nals.?®%2 VTA GABAergic (VTAY9®, i.e., expressing vesicular
GABA transporter) neurons form local connections with DA neu-
rons to inhibit DA release and reduce reward consumption.®' =2
Similarly, VTAY9"“2 neurons send direct projections to various
brain regions and local DA neurons®®*° and play a complicated
role in reward processing.®*” However, how VTA neurons inte-
grate environmental cues to regulate feeding behaviors is
unclear.

Here, we show that BFY9""2 neurons send direct projections to
the VTA, preferentially targeting VTAY9"“2 neurons. Both BFV9!t2
and VTAY9"2 neurons responded to various environmental stim-
uli in a correlative manner. In vivo activation of the BFV9\t2
VTA circuit inhibited feeding and led to behavioral avoidance.
Activation of downstream VTAY9"*2 neurons led to hypophagia,
diminished food motivation, hyperactivity, behavioral signs of
anxiety, and body weight reduction, all resembling typical
symptoms of anorexia. Furthermore, activation of this glutama-
tergic BF — VTA circuit was associated with reduced DA release
in the nucleus accumbens (NAc), indicating a potential involve-
ment of DA release in some of the observed anorexia-like
phenotypes.

—

RESULTS

The BF sends glutamatergic projections to VTAV9\t2
neurons

We first aimed to identify the downstream targets of BFY9"*2 neu-
rons. Given the preferential localization of ChR2 (channelrhodop-
sin 2) on cell membrane, ChR2 fused with a fluorescent reporter
can be used to trace downstream projection sites.*® To specif-
ically target BFY9“? neurons, we used Vglut2-Cre, a mouse
strain that expresses Cre from the Vglut2 (also named Sic17a6)
locus,®® and stereotaxically delivered conditional AAV5-Efia
(elongation factor 1a promoter)-DIO (double-floxed inverted
orientation)-ChR2-EYFP (enhanced yellow fluroscent protein)
viral particles to the BF (Figures 1A, 1B, and S1A). Consistent
with previous studies,'®'” ChR2-EYFP-positive fibers were de-
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tected in the lateral habenula (LHb), the lateral hypothalamus
(LH), and other brain regions (Figure S1B). Of note, we also found
abundant EYFP-positive fibers in the VTA (Figure 1C). To verify
the projection pattern, we performed retrograde adeno-associ-
ated viral (AAVrg)-based tracing experiments by injecting
AAVrg-Efta-mCherry-IRES (internal ribosome entry site)-
Flp (flippase) into the VTA,"° and AAV-DJ8-hSyn (human
synapsin 1)-Con/Fon-EYFP into the BF of Vglut2-Cre mice
(Figures 1D-1F). Given that the AAV-DJ8-hSyn-Con/Fon-EYFP
vector expresses EYFP in a Cre and Flp co-dependent manner,
in this configuration, EYFP will selectively mark BFV9""*2 neurons
that project to the VTA (Figure 1F). We found that EYFP-positive
neuronal fibers were also present in the LHb in addition to the
VTA (Figures 1G and 1H), suggesting that these VTA-projecting
BFY9"“2 heurons send collateral projections to the LHb.

Given the heterogeneity of VTA neurons, we next sought to
identify the neuronal subtype in the VTA that receives projections
from BFY9'2 neurons using the trans-synaptic tracer wheat
germ agglutinin (WGA).*" For this, we delivered conditional
AAV-DJ8-DIO-WGA-EGFP viral particles to the BF of Vglut2-
Cre mice (Figures 11 and 1J). The EGFP signals were traced
from BFY9"“'2 neurons to the VTA and further amplified by co-de-
livery of AAV1-Efta-FIp-DOG (dependent on GFP)-NW** and
AAV1-Ef1a-fDIO-EYFP*° in the VTA (Figures 1l and 1K). The
AAV1-Ef1a-Flp-DOG-NW vector expresses Flp dependent on
EGFP signals,*? which, in this case, amplifies EGFP signals in
VTA neurons that form synaptic contacts with BFY9"“2 neurons.
AAV5-hSyn-DIO-mCherry was delivered to the VTA to visualize
VTAVS"2 neyrons. As a result, abundant WGA-EGFP-labeled
neurons, especially the majority of those in the anterior part of
VTA, were co-localized with mCherry-positive glutamatergic
neurons and mCherry-negative non-glutamatergic neurons
(Figures 1K, S1C, and S1D). Specifically, with immunostaining
for tyrosine hydroxylase (TH), we found a subset of TH neurons,
especially in the caudal VTA, were positive for WGA (Figure S1E).
Since WGA is known to be transported in both anterograde and
retrograde fashions, some of the WGA-labeled VTA neurons
might be the ones that project to BFY9"“'2 neurons instead. We
then used a nontoxic tetanus toxin C (TTC)-fragment-based
trans-synaptic retrograde-tracing method”* to identify VTA neu-
rons that project to BFY9"“2 neurons. Toward this, we delivered
AAV-DJ8-CAG-DIO-TTC-EGFP to the BF and a mixture of
AAV1-Efta-FIp-DOG-NW and AAV5-fDIO-EYFP to the VTA of
Vglut2-Cre mice (Figure S1F). We found that up to 60%
of EYFP-labeled neurons, especially those in the caudal VTA,
were TH-positive (Figures S1G and S1H), suggesting that a sig-
nificant number of VTA TH neurons send projections to BFV9Ut2
neurons.

To functionally identify downstream VTA neurons, we exam-
ined Fos expression in the VTA in response to photostimulation
of BFY9“2 neuron terminals. We injected the AAV8-DIO-
mCherry virus into the VTA to label VTAY9"“'2 neurons and TH im-
munostaining to identify DA neurons (Figures S2A and S2B).
Although VTAY9"“2 neurons exhibited abundant Fos expression
(Figure S2C), VTA TH neurons displayed minimal Fos expression
upon photostimulation of the BFY9"""2 — VTA circuit (Figure S2D).
We further quantitated the percentage of Fos neurons that are
Vgat positive using the RNAscope in situ hybridization method
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Figure 1. Direct projections from BFV9""*2 neurons to VTAY9""*? heurons

(A) Schematic diagram showing virus injection strategies for labeling BF downstream glutamatergic neuronal fibers.

(B) Expression pattern of the injected ChR2 virus in the BF.

(C) Expression pattern of ChR2-EYFP within the anterior to posterior sections of the VTA.

(D) Schematic diagram showing virus injections to label BFV9"2

(E) Expression pattern of the Flp-mCherry virus in the VTA.

neurons that send projections to the VTA.

(F) Expression pattern of the injected Con/Fon-EGFP virus in the BF. EGFP-labeled VTA-projecting BF'9"2 neurons.
(G and H) EGFP-positive neuronal fibers from VTA-projecting BFV9"“*2 neurons in the VTA (G) and the LHb (H).
() Schematic diagram showing virus injection strategies to label downstream VTA neurons that form synaptic connections with BFV9"“2 neurons.

(J) Expression pattern of the injected WGA-EGFP virus in the BF.

(K) Co-localization of EGFP-positive neurons and mCherry neurons (glutamatergic neurons). Scale bars, 200 um. VDB, vertical diagonal band of broca; HDB,
horizontal diagonal band of broca; Fr, fasciculus retroflexus; MM, mammillary nucleus; IPN, interpeduncular nucleus; MI, medial mammillary nucleus, lateral.

(Figure S2E). A small portion of GABAergic neurons showed Fos
expression (Figures S2F-S2H). These observations suggest that
the major downstream target of BFY9"“'2 neurons in the VTA ex-
presses Vglut2, with a small portion also expressing Vgat, but
not TH, and instead, DA neurons send projections back to
the BF.

Emerging data suggest the existence of VTAV9"2 neurons that
express markers for GABAergic (Vgat), hereafter referred to as
VTAValL2+Naat neyrons or TH (VTAYS2+/TH) neurons. To iden-
tify the subcategories of VTAY9“2 neurons, we delivered
AAV-DJ8-DIO-WGA-EGFP to the BF and a mixture of AAV1-
Ef1a-Flp-DOG-NW and AAV8-Con/Fon-mCherry to the VTA of
Vglut2-Cre mice (Figure S2I). In this configuration, mCherry will
label WGA-traced VTAY9“2 neurons. We then identified
VTAV9® and TH neurons with RNAscope in situ against Vgat
and TH immunostaining, respectively (Figure S2J), and our
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results showed that although a significant portion of VTAY9
neurons were co-localized with mCherry, i.e., glutamatergic neu-
rons, a minimal amount of co-localization was observed
between TH and mCherry (Figure S2K), confirming that it is un-
likely that VTAYIM2+TH+ nayrons constitute the major down-
stream VTA neurons of BFV9"“'2 neurons.

Given the fact that both VTAY9"*2 and VTAY93! neurons re-
sponded with Fos expression to the photostimulation of local
BFY9"®2 neuron terminals, we employed ChR2-assisted circuit
mapping (CRACM) to examine direct downstream neurons in
the VTA (Figures S2L and S2N). Briefly, we delivered AAV5-
Ef1a-DIO-ChR2-EYFP viral particles to the BF of Vglut2-Cre;
Vgat-Flp mice and then delivered AAV5-hSyn-DIO-mCherry to
the VTA to identify VTAY9“2 neurons and AAV1-Effa-fDIO-
EYFP* to label VTAY9% neurons. VTAYOU2+Vaatt nayrons were
EYFP and mCherry double-positive, and VTAVIu2—/Vaate
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Figure 2. BFY9"“2 and VTAY9"“'2 neurons
showed correlated responses to external
threat cues

(A) Schematic diagram showing virus injection and
optic fiber cannulas implantation in both the BF
and the VTA for simultaneous dual GCaMP6m-
based fiber photometry recordings.

(B and C) Expression patterns of the injected
GCaMP6m virus and cannula tracks in the BF
(B) and the VTA (C). Scale bars, 200 um.

(D-F) BF (top) and VTA (bottom) Ca®* signal Z
score in response to different physical stressors,
including air puff (D), water spray (E), and object
drop (F). Time = 0 represents the starting time of
the stimuli. The shades represent + SEM. Animals
n=7.
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shown to be sensitive to aversive stim-
uli.*®444> To study the functional relation-
ship between BFY9"2 and VTAV9Y2 ney-
rons in responding to environmental
stressors, we performed genetically en-
coded calcium sensor 6m (GCaMP6m)-

neurons were mCherry-positive only. We recorded time-locked
excitatory postsynaptic currents (EPSCs) in the identified neu-
rons elicited by photostimulation in brain slices. The recorded
EPSCs were confirmed to be monosynaptic in nature with tetro-
dotoxin (TTX) and 4-aminopyridine (4-AP) (Figure S2M). Overall,
6 of the 19 VTAY9“2 neurons (Figure S2M), 1 of the
11 VTAVOUZ+NVeat neyrons (Figure S20), and 0 of the 10
VTAVOu2-Neat+ neyrons (Figure S2P) showed responses, sug-
gesting that most of the downstream VTA targets of BF V92 neu-
rons are VTAVIUZ+/Vgat— gnq yTAVIU+VEat ne yrons,

To better characterize VTAV9"2_projecting BF neurons, we
next delivered AAV-DJ8-CAG-DIO-TTC-EGFP to the VTA
and a mixture of AAV1-Efia-Flp-DOG-NW, AAV-DJ8-Ef1a-
fDIO-EYFP, and AAV8-Efta-Con/Fon-mCherry“® in the BF of
Vglut2-Cre mice (Figures S1I and S1J). In this configuration,
EYFP expression will identify BF neurons that project to
VTAY9U2 neurons, and mCherry expression will identify
BFY92 heurons that send direct projections to VTAY9''2 neu-
rons. Through this approach, we found that both BFV9"*2 and
BF non-Vglut2 neurons were labeled (Figure S1J), suggesting
that both groups send direct projections to VTAY9"*2 neurons.
In addition, Con/Fon-mCherry-positive fibers from BFYSUt2
neurons that send projections to VTAVS“2 neurons were
also detected in other brain regions (Figures S1K and S1L),
consistent with collateral projections of these neurons shown
above.

Correlated responses of BFV9""*2 and VTAY9'""*2 heurons
to environmental cues

BFV9"®2 neurons respond to various environmental stimuli.'®
However, how these neurons transmit these signals to other
brain regions is unknown. VTAY9“2 neurons have also been

based in vivo dual-fiber photometry
recordings in both groups of neurons in
freely moving mice.”® We delivered
AAV9-hSyn-DIO-GCaMP6m viral particles to both the BF and
the VTA of Vglut2-Cre mice and implanted optic cannulas inde-
pendently targeting both areas (Figure 2A). The expression of
GCaMP6m was confirmed in glutamatergic neurons of the BF
and VTA (Figures 2B and 2C). As expected, BF 9“2 heurons ex-
hibited increased activity to air puff, water spray, and object drop
(Figures 2D-2F). VTAV9“2 heyrons also exhibited increased ac-
tivities similar to BFY9“2 neurons (Figures 2D-2F). We further
analyzed the correlation in activity peaks between BFY9"“*2 neu-
rons and VTAY9“2 neurons during the periods of baseline non-
stressed and stressed conditions. As expected, we found a
strong correlation during stressed conditions (Figures S3B-
S3D), which is consistent with a direct excitatory glutamatergic
projection from the BF to VTAY9“2 neurons. Surprisingly, we
also found a strong but weaker correlation during the baseline
non-stressed condition (Figure S3A), suggesting an active
involvement of BFY9"“'2 neurons to VTAY9"*2 neurons at baseline
conditions and enhanced recruitment when animals are
stressed.

Given both VTAVOM2+VEat= gng yTAVAIZHNVEGEt nayrons as
downstream targets of BFY9“'2 neurons, we also examined
in vivo activity responses of these neurons to photostimulation
of BFY9“2 neurons. We delivered AAV5-Ef1a-DIO-Chrimson-
mCherry viral particles to the BF of Vglut2-Cre; Vgat-FIp mice
and to the VTA with either AAV8-Con/Foff-GCaMP6f to target
VTAVOU2+Veat— neyrons or AAV8-Con/Fon-GCaMP6f to target
VTAVIUR+NVaGat nerong, 4748 Then, at the same time, we im-
planted optic fiber cannulas to the BF for photostimulation
and the VTA area for recording GCaMP®6 signals (Figures S3E
and S3H). Consistent with BF glutamatergic projections to
the VTA, we observed an increase in the GCaMP6 signal
from both VTAVOMZ+NVGat—  gng  yTAVEMZ+NVGal  neyrong
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Figure 3. In vivo activation of BFV9"'2 — VTAV9"“2 projections suppressed food intake

(A) Schematic diagram showing strategies of virus injections and optic cannula implantations for photostimulation of BFV9U2 — VTAYIU2 projections.

(B) Representative expression patterns of the injected ChR2 virus and cannula tracks in the VTA. Fos is a marker of neuronal activation in mice. Scale
bars, 200 um.

(C) Quantitative comparisons of Fos-positive neuron numbers at different bregma levels (from anterior to posterior) between control EYFP and ChR2 groups.
Two-way ANOVA followed by Sidak multiple comparisons test; from anterior to posterior bregma levels: F (1, 48) = 56.18; p < 0.0001.

(D) The self-comparison in food intake between laser off and 20 Hz-20 ms stimulation in both EYFP and ChR2 groups. Two-way ANOVA followed by Sidak
multiple comparisons test: F (1, 31) = 16.29, p = 0.0003.

(E) The self-comparisons in food intake between laser off, 20 Hz-20 ms, 20 Hz-20 ms with DNQX/APS5 in the ChR2 group. Animals n = 5. One-way repeated
ANOVA followed by Turkey multiple comparisons test: laser off vs. 20 Hz, 20 ms, p = 0.0206; 20 Hz, 20 ms vs. 20 Hz, 20 ms (DNQX + AP5), p = 0.0063.

(F) Quantitative comparisons in distance and time in the center in the open field test (OFT) between the two groups. Two-way ANOVA followed by Sidak multiple
comparisons test: distance, F (2, 26) = 20.71, p < 0.0001; time in center, F (2, 24) = 11.60, p = 0.0003.

(G) Representative moving tracks (pink color) of animals from EYFP (top) and ChR2 (bottom) groups in the real-time place avoidance test. The left half of chamber
(blue and light cyan color) was paired with photostimulation (20 Hz, 20 ms), whereas the right half (gray color) was not.

(legend continued on next page)
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(Figures S3F, S3G, S3l, and S3J), which is in line with the notion
that these neurons are directly downstream of BF glutamater-
gic neurons.

Activation of BFV9'"2
causes avoidance

Heightened activity of B neurons is known to inhibit food
intake.'® Given that we revealed BFV9"®2 — VYTAY9U2 connec-
tivity, we reasoned that VTAY9"*2 neurons may mediate the ef-
fects on feeding. To test this, we utilized ChR2-based in vivo
optogenetics to activate BFY9“2 neuronal fibers within the
VTA (Figure 3A). Toward this, we delivered AAV5-Ef1a-DIO-
ChR2-EYFP in the BF of Vglut2-Cre mice and implanted fiber
optic cannulas over the VTA. Photostimulation (A = 473 nm,
20 Hz-20 ms, 10 min) of ChR2-positive fibers within the VTA
was found to significantly increase Fos in the subset of VTA
neurons (Figures 3B and 3C), confirming the functional activa-
tion of these neurons. Next, in fasted mice, in vivo photostimu-
lation of the BFY9"“*2 — VTA circuit reduced food consumption
and feeding duration (Figures 3D and S3L-S3N). This effect
was partially rescued by the administration of glutamate recep-
tor antagonists AP5 ((2R)-amino-5-phosphonovaleric acid) and
dinitroquinoxaline (DNQX) into the VTA (Figure 3E), suggesting
that the reduction in feeding was mediated by the activation
of glutamate receptors in the VTA. Interestingly, ChR2-express-
ing mice also exhibited an increased physical activity level with
photostimulation (Figure 3F). To test the valence associated
with the observed feeding inhibition, a real-time place avoid-
ance (RTPA) test was conducted, in which photostimulation
was paired with one-half of the arena in a counterbalanced
manner. Mice expressing ChR2 spent more time in the non-
stimulation half, whereas EYFP-expressing controls showed
no preference for either side, suggesting an avoidance behavior
elicited by the activation of the BFYoM2 VTA circuit
(Figures 3G-3l), which was associated with an increased veloc-
ity (Figure 3I), consistent with the increased locomotion
observed in the open field test (OFT) (Figure 3F). Since VTA-
projecting BFV9"*2 neurons also send collateral projections to
the LHb and other brain regions, the observed behavioral ef-
fects may be partly mediated by these additional projection
sites through parallel activations. To test this possibility, we
performed the same experiment but with simultaneous inhibi-
tion of BFY9"®2 neuron somas, which would largely eliminate
collateral activation. We expressed the inhibitory designer re-
ceptor exclusively activated by designer drugs (hM4Di) in
BFV92 neurons (Figure 3J).° Clozapine N-oxide (CNO) treat-
ment effectively reduced Fos expression in BFY9"*? neurons
induced by activation of glutamatergic fibers in the VTA
(Figures 3K and 3L), confirming an effective inhibition of

— VTA circuit reduces feeding and
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BFV9®2 neurons. Behaviorally, with the presence of CNO, pho-
tostimulation of BFY9“2 fibers in the VTA was still able to
induce aversion, increase physical activity, and reduce fasting
refeeding (Figures 3M and 3N), suggesting that the observed
effects were mediated by BFV9""2 projections within the VTA.

Activation of VTAV?'""*2 heurons reduces motivational
feeding and body weight and increases activity

Given that VTAV9'"*2 neyrons are one of the major downstream
targets of BFY9“2 neurons, we next examined the role of
VTAV2 neyrons in feeding regulation. Toward this, we first em-
ployed a hM3Dg-dependent chemogenetic method to activate
VTAVS2 neyrons in the short term and assessed the effects
(Figure 4A).*° We delivered AAV9-hSyn-DIO-hM3Dg-mCherry
or AAV5-hSyn-DIO-mCherry viral particles to the VTA of Vglut2-
Cre mice. Notably, the administration of the hM3Dqg agonist
CNO (i.p., 1 mg/kg) significantly increased Fos expression in
hM3Dg-mCherry-expressing neurons compared with the
mCherry group (Figures 4B and 4C). Also, CNO administration
in the hM3Dq group greatly reduced fasting-induced refeeding
compared with saline, whereas it had no effects in the mCherry
group within 6 h after treatments (Figure 4D). Given the role of
VTAY9" neyrons in reward processing,*®°" we further explored
the effects of these neurons in food motivation. For this, mice
were trained through an established protocol to perform nose
pokes at the correct port for sucrose pellets with increasing fixed
ratios (FRs) until they reached the point of acquiring more than 20
sucrose pellets at FR = 15 within a 30-min session (Figure 4E).
During the testing episode, CNO administration completely
blocked nose poke behaviors for sucrose pellets in the hM3Dq
group, whereas it had no effects on the mCherry control group
(Figure 4F). To test the motivation for HFD, we conducted
an HFD-preference test, in which 6-h fasted mice were able to
freely access HFD and chow diet (CD). In the control group, we
observed a high preference for HFD toward CD, which was blunt-
ed inthe hM3Dq group (Figure 4G). These results demonstrated a
profound effect of VTAY9"“2 neuron activation on suppressing
motivational feeding behaviors. Consistent with the increase in
physical activity by in vivo photostimulation of the BFV9U2
VTA circuit, CNO-mediated activation of VTAY9'2 neurons
increased physical activity measured in metabolic cages
(Figures 4H and 4l). Since changes in feeding are known to be
associated with altered anxiety,' we further assessed the anxiety
level in these mice using the light-dark box test (LDT). Compared
with saline treatments, CNO application in the hM3Dq group
reduced time spent in the light side of the box, whereas CNO
had no effects in the mCherry group (Figures 4J and 4K), suggest-
ing that CNO-induced activation of VTAY9"“2 neurons elicited
anxiety-like behavior. In sum, activation of VTAY9“2 neurons

(H and I) Quantitative comparisons in duration and velocity in two halves of chambers between control EYFP and ChR2 groups. Two-way ANOVA followed by
Sidak multiple comparisons test: (H) F (1, 13) = 61.16, p < 0.0001; () F (1, 12) = 16.83, p = 0.0015.
(J) Schematic diagram showing virus injections and optic cannula implantation to test the behavioral effects of inhibiting co-lateral projections from VTA-pro-

FVgI ut2

jecting B neurons.

(K) Fos expression patterns in the BF of animals that received 10-min laser stimulation with or without treatment of CNO.
(L) Qualitative results of Fos expressions within the BF. Unpaired t test: p = 0.0317.
(M and N) Quantification results of fasting-refeeding test (M) and real-time place avoidance test (N). Two-way ANOVA followed by Sidak multiple comparisons

test: (M) F (1, 6) = 0.0008487, p = 0.9777; (N) F (1, 8) = 23.61, p = 0.0013.
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Figure 4. Acute activation of VTAV9'"'2 neurons decreased food motivation and induces anxiety

(A) Schematic diagram showing the hM3Dq virus injection in VTAVY9Y2 heyrons for chemogenetic activation.

(B) Expression pattern of mCherry (top) or hM3Dq (bottom) and Fos immunostaining in the VTA. Scale bars, 200 pm.

(C) Qualitative comparisons in the percentages of Fos-positive neurons in the viral (mCherry)-labeled neurons shown in an anterior to posterior bregma order.
Two-way repeated ANOVA followed by Sidak multiple comparisons test: F (1, 32) = 30.24, p < 0.0001.

(D) Comparisons in cumulative fasting-refeeding food intake within 6 h post saline and CNO application between mCherry and hM3Dq groups. Two-way ANOVA
followed by Sidak multiple comparisons test: F (15, 105) = 19.90, p < 0.0001.

(E) Schematic diagram showing procedures and timing of nose poke training and testing in mice. FR, fixed ratio.

(F) Comparisons in sucrose pellets acquired during the testing session between the mCherry and hM3Dq groups after saline and CNO application. Two-way
ANOVA followed by Sidak multiple comparisons test: F (1, 10) = 56.42, p < 0.0001.

(G) Qualitative results of HFD-preference test in control and hM3Dq groups. Two-way ANOVA followed by Sidak multiple comparisons test: F (1, 11) = 13.18,
p = 0.004.
(H) Real-time locomotor activities from metabolic cages. The arrow indicates when the mice were injected with saline or CNO.

(I) Comparisons of average locomotion within 6 h after saline or CNO treatment. Two-way repeated ANOVA followed by Sidak multiple comparisons test: F (1, 8) =
17.76, p = 0.0029.

(J and K) Comparisons of time spent (J) and frequency entering (K) in light chambers during the light-dark box test. Two-way repeated ANOVA followed by Sidak
multiple comparisons test: (J) F (1, 10) = 11.41, p = 0.007; (K) F (1, 10) = 21.39, p = 0.0009.

led to increased locomotion, increased anxiety-like behaviors, neurons reduced feeding and increased locomotion
and hypophagia with reduced motivation for food. (Figures S30-S3Q), activating VTAVIL2+Veat nayrons had no

Since VTAValut2+/NVeat— gnq yTAVIU2+VEat nayrons are both  impact on feeding or locomotion (Figures S3R-S3T), suggesting
downstream of BF glutamatergic neurons, we also examined  a role for VTAY9"U2+/V9at= neyrons in mediating hypophagia and
the effect of hM3Dq activation of these neurons (Figures S30-  hyperactivity caused by the activation of BF glutamatergic
S3T). Although CNO-mediated activation of VTAVIU2+NVeat—  sroiections.
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Figure 5. Effects of chronic activation of VTAY9""*2 heurons led to major hallmarks of anorexia

(A) Schematic diagram showing injections of the NaChBac virus to the VTA for chronic activation of VTA

Va2 heyrons.

(B) Representative coronal sections of the VTA showing Fos immunostaining from EYFP (top) and NaChBac (bottom) mice. Scale bars, 200 um.
(C) Quantitative comparisons in the number of Fos-positive neurons in EGFP-labeled Vglut2 neurons between control and NaChBac mice. Two-way ANOVA

followed by Sidak multiple comparisons test: F (1, 35) = 46.51, p < 0.0001.

(D) Comparisons in weekly body weight for the 16 weeks after viral delivery. From 0 to 8 weeks post-surgery, mice were fed chow diet and from 9 to 16 weeks
post-surgery, mice were fed with high-fat diet (HFD). Two-way repeated ANOVA followed by Sidak multiple comparisons test: F (16, 190) = 17.22, p < 0.0001.
(E) The comparison in daily food intake on chow diet between the two groups. Unpaired Student’s t test, p = 0.0251.

(F) Real-time locomotor activity patterns measured by the comprehensive laboratory animal monitoring system (CLAMS) metabolic cages.

(G and H) Comparisons in the locomotor activity levels measured during periods of the day (left) and the night (right). Unpaired t test: (G) p = 0.0475; (H) p =0.2154.

Since anorexia symptoms are likely caused by chronic
changes in neuronal activity, we next explored the effect of
chronic activation of VTAY9“2 neurons utilizing a mutated so-
dium channel from bacteria (NaChBac) that enables long-
term activation.®®*®* We delivered to the VTA of Vglut2-Cre
male mice with AAV-DJ8-Ef1a-DIO-NaChBac-EGFP or control
AAV5-Ef1a-DIO-EYFP viral vectors (Figure 5A). Immunostaining
results showed that NaChBac expression led to a dramatic in-
crease in Fos expression in the VTA, confirming the activation
of VTAV9"2 neurons (Figures 5B and 5C). Interestingly, mice
with NaChBac expression showed lower body weight and resis-
tance to diet-induced obesity compared with the EYFP-injected
control group (Figure 5D). Consistent with lower body weight, the
NaChBac group displayed lower food intake when compared
with controls (Figure 5E). When measured in metabolic
cages to collect real-time physiological data, compared with
controls, the NaChBac group showed increased locomotion
(Figures 5F-5H), suggesting that the lower body weight was
due to severe energy deficits. Of note, we observed a similar
phenotype in female Vglut2-Cre mice (Figure S4). Together,
these results demonstrate that chronic activation of VTAV9Ut2

neurons causes hypophagia, decreased body weight gain, and
higher locomotion.

The BFV9''2 _, yTAV9"*2 projection suppresses DA
release

Changes in DA signaling have been associated with lower body
weights.®* Given the newly revealed role of the BFY9“t2
VTAY9“2 circuit in motivational feeding, we further investigated
the potential effects of this projection in modulating DA release.
The NAc is one of the major downstream regions of VTA DA
neurons for reward and salience processing; hence, we re-
corded dynamic DA release in the NAc using gGRAB-DA3m
(gDA3m)-based fiber photometry recording in freely moving
mice.>® For this, we delivered an AAV9-hSyn-gDA3m virus to
the shell of NAc (NAcSh) and implanted optic fiber cannulas
targeting the same region (Figures 6A and 6B). Consistent
with previous results in sucrose consumption,®*°° we detected
an increase in DA release in the NAcSh when mice consumed
an HFD pellet (Figures 6C-6E). In addition, we observed
reduced DA release when mice received an aversive stimulus
such as water spray (Figures S5A-S5C). Interestingly, we

—
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observed a rebound in DA release following the suppression
period induced by aversive stimuli (Figures S5A-S5C), reminis-
cent of the comforting effect of the “pain relief” observed
previously.®”

Finally, to examine the effect of B — VTAY9Y2 projec-
tions on DA release, we recorded DA release while activating
BFV92 fibers in the VTA via targeted photostimulation (Fig-
ure 6F). Toward this, we delivered AAV5-Ef1a-DIO-ChR2-EYFP
in the BF of Vglut2-Cre mice and implanted optic cannulas in
the VTA in addition to delivering gDA3m virus and implanted op-
tic fibers in the NAcSh (Figure 6G). Photostimulations of the
BF — VTA circuit with laser at 20 Hz—20 ms for 10 and 20 s
both reduced DA release in a duration-dependent manner
(Figures 6H-6J and S5D-S5F). To explore the relationship be-
tween DA release regulated by BFV9U2 — VTAY9U2 projections
and feeding behaviors, we monitored DA release in response to
photostimulation when mice initiated HFD feeding bouts. In this
regard, ad libitum mice were allowed to move freely to reach an
HFD pellet placed in one corner of the cage. At the time when the
mice started consuming pellets, photostimulation was applied to
activate the BFV9'"2 — VTAV9Y2 projection for 10 s (Figures 6K—
6M). The signals for DA release increased when mice were
involved in pellet consumption and were reduced upon photosti-
mulation, which was also associated with an immediate pause in
feeding and a roam away from the food (Figure 6L). These results
collectively suggest that activation of BFY9"2 — VTAVIY2 pro-
jection reduces feeding and involves reduced DA release in
the NAc.

VTAV9U2 neyrons are known to project to GABAergic neu-
rons in the NAc,*® which have been shown to be able to reduce
VTA DA neuron activity.® Consistently, we observed projection
fibers in the NAc from VTAY9"*2 neurons that received projec-
tions from BFY9"“2 heurons (Figures S5G and S5H). In addition,
we noticed that there was an increase in Fos expression in the
NAc following photostimulating BF to VTA glutamatergic termi-
nals at the VTA (Figures S5|-S5L). This set of data supports a
potential role for VTAVOU2+Voat— neyrons in mediating the
change in DA release.

FVglut2
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DISCUSSION

An appropriate decision to engage in feeding is an adaptive
behavior that integrates perceived stress and internal energy
needs. Environmental disturbances cause stress and limit
feeding, even when mice have great energy demands. Several
studies on stress-induced hypophagia have focused on neural
pathways that process sensory cues for threats, which also elicit
behavioral signs of stress and inhibit feeding."? In this study, we
have identified a BFV9"2 — VTAYOYU2 gircyit that is sensitive to
and activated by environmental cues and is associated with
reduced DA release in the NAc. In vivo activation of this circuit
reduced feeding, increased physical activity, and caused avoid-
ance behaviors. Similarly, activation of downstream VTAY9ut2
neurons diminished food motivation, caused hyperactivity, and
increased behavioral signs of anxiety. Consistently, mice
with chronic activation of VTAY9"“2 neurons exhibited hypopha-
gia and reduced body weight associated with heightened
physical activity. Interestingly, the observed phenotypes repre-
sent typical behavioral and physiological signs observed in pa-
tients with anorexia nervosa, the core symptoms of which
include voluntary starvation, hyperactivity, and anxiety.>*°
Our extensive functional-tracing experiments further identified
VTAVOU2+Vaat= gnq yTAVIUR+VEat noyrons as the major down-
stream VTA neurons mediating the effect. Taken together, our re-
sults reveal that overactivation of the BFY9"*? — VTAY9“2 circuit
may contribute to the pathogenesis of anorexia.

Consistent with previous observations that BF neurons
respond to volatile odors and predator cues,'®'"'"® here, we
showed that BFV9"“'2 nheurons were sensitive to various physical
stressors and aversive stimuli. To extend these findings, we also
found that VTAY""*2 neurons are directly downstream targets of
BFY9"“'2 neurons, and they respond in a similar manner to these
aversive stimuli, suggesting that they are important downstream
mediators in aversive sensory perception. Our previous results
showed that chronic activation of BF V9“2 neurons elicited a star-
vation phenotype,'® which supports our current observations
that activation of the BFY9“2 — VTAYOY2 circuitry causes

Figure 6. DA signals decreased in the NAc in response to activation of the BFVOUt2 _, yTAVelut2 projections

(A) Schematic diagram showing virus injections and optic cannula implantations for recording DA release in the NAc.

(B) Representative coronal sections of the VTA showing gDA3m expression pattern and cannula tracks. Scale bars, 200 um.

(C) Heatmap of DA release Z score signals corresponding to first feeding bouts of individual trials. Signals were re-scaled from 0 to 1 across each row.

(D) Averaged Z score signals of DA release in the NAc corresponding to first feeding bouts. The light blue shade represents signals with mean + SEM. Time = 0 was

the onset of feeding.

(E) Averaged Z scores during baseline and feeding. Paired Student’s t test: p = 0.0268. Animals n = 3.

(F) Schematic diagram showing virus injections and optic cannula implantations to record DA release in the NAc with photostimulation of BFY9%2 —

projections.

AVqut2

(G) Representative coronal sections of the BF, the VTA, and the NAc showing injection patterns of ChR2 and gDA3m and cannula tracks. Scale bars, 200 pm.
(H) Heatmap of DA release Z score signals of individual trials in response to10-s photostimulation. Signals were re-scaled from 0 to 1 across each row. The indigo

box indicates the period of photostimulation.

(I) Averaged trace of DA release Z score signals in the NAc in response to a period of 10 s of 20 Hz-20 ms photostimulation.
(J) Averaged Z scores during baseline, 20 Hz—20 ms stimulation, and 5 s post-stimulation. Paired Student’s t test: stim vs. base, p = 0.0349; post vs. stim,

p = 0.0019. Animals n = 5.

(K) Heatmap of DA release Z scores signals of individual trials when mice were engaging HFD feeding with photostimulation. Signals were re-scaled from 0 to 1

across each row. The indigo box shows the period with photostimulation.

(L) Averaged signals of DA release in the NAc in response to a period of 10 s of 20 Hz-20 ms photostimulation right after the onset of HFD feeding. The blue shade

represents signals in +SEM. Time = 0 was the onset of photostimulation.

(M) Averaged Z scores during baseline, 20 Hz-20 ms photostimulation, and 5 s post-stimulation. Paired Student’s t test: stim vs. base, p = 0.0213; post vs. stim,
p = 0.0223. Base, baseline; stim, 20 Hz-20 ms photostimulation; post, 5 s post-photostimulation. Animals n = 5.
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anorexia-like behaviors. Taken together, these observations
support that BFY9"“2 neurons function as a primary node in the
brain that senses external threat cues and overrides energy
needs to avoid potential risks. Since VTA is known to be involved
in motivation and feeding, the BFY9"*2 — VTAV9M2 circuit is well-
positioned to integrate sensory cues and impact motivational
feeding behaviors. It is worth noting that the VTA-projecting
BFV92 heurons also send collaterals to other brain regions,
including LHb and LH neurons. Previous studies suggest that
both LH and LHb neurons mediate the action of BFY9"“*2 neurons
in feeding inhibition."®"” Since both the LH and LHb have been
shown to project to the VTA,®":® the VTA represents a conver-
gent brain target from various brain sites in mediating adaptive
feeding behaviors to ongoing environmental threat cues. Related
to this point, we did not observe an effect on feeding or body
weight at the ad libitum condition when we disrupted glutamater-
gic signaling from VTAY9"®2 neyrons that project to the BF (Fig-
ure S6),%° suggesting that the BFV9"2 — VTAYIU2 circuit is not
required for normal feeding regulation. This observation implies
that neurocircuits involved in regulating hypophagia, i.e., in
anorexia, can be dissociated with those in hyperphagia, i.e.,
obesity development.

Despite extensive studies on the pathogenesis of anorexia,
the underlying brain mechanism remains elusive. One of the
major difficulties in this line of research lies in the lack of reliable
animal models that could closely capture the symptoms
observed in human patients with anorexia nervosa.®* Previous
studies involving brain-derived neurotrophic factor or activity-
based anorexia all involve forced feeding restriction,**®® which
is opposite to voluntary feeding restriction observed in human
patients. Regarding this, chronic activation of BFY9"“2 neurons
has been shown to cause a voluntary starvation phenotype.'®
Consistently, our current results demonstrate that chronic acti-
vation of VTAYS"2 neurons, as one of the downstream targets
of BFY9“2 neyrons, led to voluntary starvation associated
with reduced motivation for feeding, heightened locomotion,
and diminished HFD-induced obesity. These observations,
taken together, support the idea that uncontrolled overactiva-
tion of the BFY9U2 — VTAYIY2 circuit may contribute to
anorexia-like phenotypes. Given the role of BFY9“2 neurons
in sensing environmental cues,'® it is conceivable that hyper-
sensitivity by these neurons to environmental threats may
cause overactivation. Given their function in memory and con-
ditioning,”®® activation of BF neurons may also be caused by
various conditioned cues, which may also lead to a predisposi-
tion to the development of anorexia. In particular, chemoge-
netic activation of VTAY9""*2 neurons caused anxiety-like behav-
iors, which is in line with previous studies showing that
sustained stimulation of VTAY9“2 neurons is less preferred
and causes behavioral avoidance.>**® Previous studies also
suggest a role of VTAYI"®2 neurons in driving arousal, explora-
tion, and facilitating defensive escape behaviors, which are
all associated with hyperactivity, supporting a role for these
neurons in increasing locomotion.**®” In addition, glutamater-
gic action in the NAc has been shown to increase locomo-
tion.®®® These results, combined with our results on
VTAValL2+NVeat— neyrons in mediating feeding/activity, support
that VTAVSU2+/Vaat— nayrons play a main role in mediating the
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action of glutamatergic BF to VTA projections in promoting
anorexia-like symptoms.

It is not clear whether and to what extent the observed reduc-
tion in DA release contributes to the hypophagia phenotype. It
was previously shown that modulation of DA receptor D2
(DRD2) signaling in the NAc caused anorexia-like behaviors in
mice.”® In addition, changes in DA signaling were observed in
patients diagnosed with anorexia nervosa.>*’" Human studies
suggest a negative correlation between DRD2 levels and
BMIL.”? Animal studies suggest that an increase in DA signals is
generally associated with positive valence and reward or
reward-related cues,®>°%"%7* whereas complete loss of DA
release leads to a lethal phenotype, which can be rescued
by the recovery of feeding through increasing DA release in
the striatum.”® These observations support the possibility that
the hypophagia caused by overactivation of the BFV9M%2 —
VTAY9“2 circuit is mediated by reduction in DA release in the
striatum.

It is well known that anorexia occurs at a much higher rate in
women than in men.”® However, current data suggest that fe-
male mice exhibited a similar spectrum of anorexia-like pheno-
types to males, suggesting that there is no sexual dimorphism
regarding the BF glutamatergic projection to VTA in producing
anorexia-like phenotypes. Since men are also known to develop
anorexia, albeit at a much lower frequency, the BF — VTA gluta-
matergic pathway may represent a common pathway between
males and females that regulates stress-related hypophagia.

In summary, our results presented here support the conclu-
sion that the BFY9"2 — VTAV9"2 ¢jrcuit functions to sense envi-
ronmental threats and adjust adaptive behaviors in feeding dur-
ing hunger-threat conflict situations. Overactivation of this circuit
led to hypophagia, reduced motivation for feeding, hyperactivity,
and anxiety-like behaviors, all typical signs of anorexia. In addi-
tion to glutamatergic neurons, the BF also contains GABAergic
and cholinergic neurons, both of which are also sensitive to envi-
ronmental cues for threats,” ' suggesting a general role for the
BF in surveying external cues and mediating necessary adapta-
tion for survival. Since BFY9"“'2 neurons send projections to
several brain sites that also reduce feeding, VTAY9“*2 neurons
may represent one downstream neuronal population that medi-
ates the adaptive behaviors elicited by cue-activated BFY9"t2
neurons.’®'” Since VTAY9"®2 neurons have also been shown to
receive multiple upstream inputs implicated in mediating behav-
iors that include sleep, defense, and exercise,?®*°" in addition to
feeding behaviors shown here, VTAY9"2 neurons appear to
serve as a hub, integrating both external and internal cues to
mediate adaptive feeding behaviors toward the ever-changing
environment.

Limitations of the study

It is somewhat surprising that the observed increased activity
is associated with reduced DA release. However, although
increased DA release is known to promote locomotion,’”
changes in locomotion may not always be correlated with
changes in DA release. For example, during HFD consump-
tion, DA release in the NAc is known to be increased®*:°°
(also see Figure 6), but without an increase in activity. Notably,
a similar observation was also observed in previous studies on
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glutamatergic LH projections to VTA, in which photostimula-
tion was shown to reduce DA release in NAc’® and also cause
defensive escaping,** a behavior associated with increased
locomotion.

Since the current focus is on the BF to VTA projection, our cur-
rent data could not provide a definitive answer to the underlying
mechanism for the reduced DA release, i.e., it is unknown
whether the reduced DA release is related to hypophagia,
reduced activity, both, or neither. A challenge to delineate the
exact mechanism underlying the reduced DA release lies in the
functional complexity of VTA subsets of neurons. For example,
VTA GABAergic neurons have been shown to support reward
or disrupt reward/promote aversion.®'*>°%79 yTA glutamatergic
neurons have also been shown to cause place aversion or pref-
erence.®***° Specifically, despite the literature on VTAVE"2 ney-
rons in causing aversion that is consistent with our findings, other
studies suggest that direct optical activation of VTAY9"“*2 neurons
can induce appetitive operant conditioning and reinforcement in
the absence of DA release.***"*° These observations collec-
tively suggest a functional diversity of VTA neurons. Previous
studies suggest that within VTAY9“®? neurons, VTAVaUt2+/Vaat-
neurons project to the NAc, whereas VTAVIU2+Veat" neyrons
project to the LHb.*® Importantly, VTAY9"“*2 neurons project to
GABAergic neurons in the NAc,”® which has been shown to be
able to reduce VTA DA neuron ac’tivity.59 Under this context,
we noticed that there was an increase in Fos expression in the
Nac following photostimulating glutamatergic BF to VTA termi-
nals in the VTA, supporting a potential contribution of
VTAVOut2+Veat— nerons to the observed reduced DA release.
However, among many other possibilities, VTAVIU2+/Vaats ng )
rons, which, although not important in mediating feeding or ac-
tivity, may separately mediate the effect on reducing DA through
projecting to the LHb, which has been demonstrated to be able
to reduce VTA DA neuron activity through excitatory projections
to rostromedial tegmental nucleus GABA neurons.®’"®° Given
the complexity of VTA local and remote circuits, further studies
are required to understand the diverse and, sometimes, con-
trasting roles of VTA neurons.
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SOURCE

IDENTIFIER

Antibodies

Rabbit anti-c-Fos
Rabbit anti-TH

Mouse anti-TH
Guinea pig anti-Vglut2
Rabbit anti-DsRed

Cell Signaling Technology
Abcam

Millipore

Millipore

Takara Bio

Cat# 2250s; RRID: AB_2247211
Cat# ab112; RRID: AB_297840
Cat# MAB318; RRID: AB_2201528
Cat# AB2251; RRID: AB_2665454
Cat# 632496; RRID: AB_10013483

Bacterial and virus strains

AAV5-Ef1a-DIO-hChR2(H134R)-EYFP
AAV-DJ8-hSyn-Con/Fon-EYFP-WPRE
AAVrg-Ef1ta-mCherry-IRES-Flp
AAV-DJ8-CAG-Flex-WGA-EGFP
AAV5-hSyn-DIO-mCherry
AAV1-Efta-FIp-DOG-NW
AAV8-Ef1a-Con/Fon-mCherry
AAV-DJ8-CAG-DIO-EGFP-TTC
AAV1-Ef1a-fDIO-EYFP
AAV9-hSyn-DIO-GCaMP6m
AAV9-hSyn-DIO-hm4D(Gi)-mcherry
AAV9-hSyn-DIO-hM3D(Gg)-mCherry
AAV-DJ8-Ef1a-DIO-NaChBac-EGFP
AAV5-Ef1a-DIO-EYFP
AAV9-hSyn-g-GRAB-DA3m (gDA3m)

AAV8-Con/Fon-GCaMP6f

AAVS -Con/Foff-GCaMP6f
AAV-DJ8-Con/Fon-hM3Dg-mCherry
AAV-DJ8-Con/Foff-HM3Dg-mCherry
AAV-DJ8-Con/Fon-hM4Di-mCherry
AAV5-DIO-Chrimson-mCherry
AAVDJ8-FLEX-SaCas9-U6-sgVglut2
AAVDJ8-FLEX-SaCas9-U6-sgRNA

Karl Deisseroth Lab

Karl Deisseroth Lab

Fenno et al.”®

Canadian Neurophotonics Platform
Bryan Roth Lab

Tang et al.*?

Fenno et al.*®

Canadian Neurophotonics Platform

Fenno et al.*®

Chen et al.*®

Krashes et al.*?

Krashes et al.*?

Baylor Gene Vector Core
Karl Deisseroth Lab

Zhuo et al.>®

Fenno et al.*”

Fenno et al.*”

Baylor Gene Vector Core
Baylor Gene Vector Core
Baylor Gene Vector Core
Klapoetke et al.*®

Baylor Gene Vector Core

Baylor Gene Vector Core

Addgene_20298
UNC GTC Vector Core #AV-2404
Addgene_55634
SCR_016477
Addgene_50459
Addgene_75469
Addgene_137132
SCR_016477
Addgene_55641
Addgene_100838
Addgene_44362
Addgene_44361
This manuscript
Addgene_27056

https://doi.org/10.1101/2023.08.24.
554559

Addgene_137122
Addgene_137123
This manuscript
This manuscript
This manuscript
Addgene_62723
This manuscript
This manuscript

Chemicals, peptides, and recombinant proteins

Clozapine N-oxide (CNO) Sigma-Aldrich #C8032
Formalin Fisher #SF100-4
Tetrodotoxin (TTX) Alomone labs #T-550
4-Aminopyridine (4-AP) Sigma-Aldrich #A78403
Dinitroquinoxaline (DNQX) Tocris #0189
DL-AP5 Tocris #0105
Critical commercial assays

RNAscope® Multiplex Fluorescent Advanced Cell Diagnostic #323270
Detection Kit v2

Deposited data

https://doi.org/10.17632/whpdth36pr.1 Mendeley data N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Mouse: Vglut2-Cre The Jackson Laboratory IMSR_JAX:016963
Mouse: Vgat-Flp The Jackson Laboratory IMSR_JAX:031331
Oligonucleotides

RNAscope® Probe - Mm-Sic32a1 Advanced Cell Diagnostic #319191
RNAscope® Probe - Mm-Fos-C2 Advanced Cell Diagnostic #316921-C2

Recombinant DNA

pPAAV-nEF Con/Fon DREADD Gg-mCherry
PAAV-nEF Con/Foff DREADD Gg-mCherry
pAAV-nEF-Con/Fon DREADD Gi-mCherry
pAAV-FLEX-SaCas9-U6-sgRNA
pAAV-FLEX-SaCas9-U6-sgSic17a6

Karl Deisseroth Lab
Karl Deisseroth Lab
Karl Deisseroth Lab
Hunker et al.®®

Hunker et al.®®

Addgene_183532
Addgene_183533
Addgene_177672
Addgene_124844
Addgene_124847

Software and algorithms

pClamp

GraphPad Prism (9.5.1)

Ethovision XT 11.5

Qupath 0.4.3

Imaged 1.54D

Doric Neuroscience Studio v6.1.2.0

pMat
Matlab R2023a

Molecular Devices

GraphPad

Noldus
Bankhead et al.**
Schneider et al.®®
Doric Lenses

Bruno et al.®®
Mathworks

RRID:SCR_011323; http://www.
moleculardevices.com/products/software/
pclamp.html

RRID:SCR_002798; http://www.
graphpad.com/
https://www.noldus.com/ethovision-xt
https://qupath.readthedocs.io/en/0.4/
https://imagej.net
https://neuro.doriclenses.com/products/
doric-neuroscience-studio
https://github.com/djamesbarker/pMAT
https://www.mathworks.com/?

s_tid=gn_logo

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Qingchun
Tong (gingchun.tong@uth.tmc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All original data has been deposited at Mendeley and is publicly available as of the date of publication. The DOl is listed in the
key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY SUBJECT DETAILS

Animal care and procedures were approved by the University of Texas Health Science Center Houston Institutional Animal Care and
Use Committee. Mice were housed at 21-22 °C on a 12 h light/12 h dark cycle with standard pellet chow and water ad libitum other-
wise noted for fasting experiments, calorie-restricted diet for nosepoke training or high fat diet treatment. Mice were group-housed
most of the time and singly-housed for measurement of daily food intake or housed in metabolic cages. Vglut2-Cre and Vgat-Flp mice
were purchased from The Jackson Laboratory (strain no. 016963 and no. 031331) and described previously.®*®” Male and female
mice were used in preliminary study and key functional studies and no significant difference was revealed. Mice used in experiments
were acquired from same litters in different treatment groups and were 7~16 weeks old when used for surgery purposes.
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METHOD DETAILS

Stereotaxic surgery

The delivery of viral vectors and implantation of optic cannulas were conducted through stereotaxic surgeries. Mice were anesthe-
tized with a ketamine/xylazine cocktail (100 mg/kg and 10 mg/kg, respectively, intraperitoneal), and their heads were affixed to a ste-
reotaxic apparatus in absence of the pedal reflex. Viral vectors were delivered through a 0.5 pL syringe (Neuros Model 7000.5 KH,
point style 3; Hamilton, Reno, NV, USA) mounted on a motorized stereotaxic injector (Quintessential Stereotaxic Injector; Stoelting,
Wood Dale, IL, USA) at a rate of 30 nL/min. Viral preparations were titered at ~1 0'2 particles/mL. Volumes and coordinates for viral
injections were as follows: 50~75 nl/side, anteroposterior (AP) +1.25 mm, mediolateral (ML) +0.2 mm, dorsoventral (DV) -4.95 mm for
the BF; 50~75 nl/side, AP -3.1 mm, ML 0.3 mm, DV -4.6 mm for the VTA; 100 nl/side, AP +1.4 mm, ML -1.0 mm, DV -4.5 mm for the
NAc. For optogenetic experiments, customized fiber optic cannulas [@1.25-mm stainless ferrule, @200-um core, 0.39 numerical
aperture (NA), 4.7 mm; Inper, Zhejiang, China] were implanted to target the VTA (AP -3.1 mm, ML -0.3 mm, DV -4.4 mm). For fiber
photometry experiments, customized wide-aperture fiber optic cannulas (J1.25-mm stainless ferrule, @400-um core, 0.66 NA,
5.0 mm; Doric Lenses, Quebec, QC, Canada) were implanted in the BF (AP +1.2 mm, ML -0.2 mm, DV -4.7 mm), the VTA (10°,
AP -3.1 mm, ML -0.3 mm, DV -4.7 mm) and the NAc (10°, AP +1.4 mm, ML -1.7 mm, DV -4.2 mm). For AP5 and CNQX in vivo infusions,
an optofluid cannula with interchangeable injectors (M3, @200-um core, 0.37 NA, 4 mm guiding tube, 4.7 mm fiber, 4.5 mm injector;
Doric Lenses, Quebec, QC, Canada) was implanted in the VTA. For all cannula implants, fibers were fixed to the skull with glue and
dental cement (Stoelting 51458; Stoelting co., IL, USA). For the following three days of neurosurgery, mice were treated with Caprofen
(Rimadyl; Zoetis Inc, MI, USA; i.p., 5mg/kg) for pain relief.

Brain slice electrophysiological recordings

Electrophysiological recordings were performed as previously described. Briefly, 4-6 weeks after AAV infusion, mice were deeply
anesthetized with Isoflurane (NDC 66794-017-10), and the brain was quickly removed. Coronal slices (280 um) containing the basal
forebrain or VTA were cut in oxygenized, ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM): 123 NaCl, 26 NaHCO3, 2.5
KCl, 1.25 NaH,POy, 10 glucose, 1.3 MgCl,, 2.5 CaCl, bubbling with 95% 0O,/5% CO, with a Leica VT1000S vibratome. Slices were
incubated at 31-32 °C for 30 min and maintained at room temperature for at least 1 hour to allow for recovery before any electrophys-
iological recordings.

Individual slices were then transferred to a recording chamber mounted on an upright microscope (Olympus BX51WI) and contin-
uously superfused (2 mL/min) with aCSF maintained at 32-34 °C by passing it through a feedback-controlled in-line heater (TC-324B;
Warner Instruments). Cells were visualized through a 40X water-immersion objective with differential interference contrast (DIC) op-
tics and infrared illumination. Fluorescent-guided whole-cell patch clamp recordings were performed with a MultiClamp 700B ampli-
fier (Axon Instruments). Patch pipettes were 3-5 MQ when filled with an internal solution containing (in mM): 142 K-gluconate, 10
HEPES, 1 EGTA, 2.5 MgCl,, 0.25 CaCl,, 4 Mg-ATP, 0.3 Na-GTP, 10 Nas-Phosphocreatine (pH 7.3 adjusted with KOH, 300 mOsmol).

To activate ChR2, light from a 473 nm laser (Opto Engine LLC, Midvale, UT, USA) was focused on the area of the recorded VTA
neurons to produce spot illumination through optic fiber. Brief pulses of light (2-5 ms duration, 2-4 MW/mm?) were delivered under
the control of acquisition software. Tetrodotoxin (TTX, 0.5 uM, Alomone labs, Jerusalem, Israel), and 4-Aminopyridine (4-AP, 100 uM,
Sigma-Aldrich, St. Louis, MO, USA) were bath-applied during voltage-clamp recordings to block action potential and network activity
to verify the monosynaptic connection.

Fiber photometry

All fiber photometry recordings were conducted using a Doric Lenses setup, with a light-emitting diode (LED) driver controlling
two connectorized LEDs (405, 465) routed through a 5-port Fluorescence MiniCube or a 7-port Flurescence Minicube with a
specific port for red opsin activation to deliver excitation light for isosbestic and calcium or dopamine-dependent signals, or
for red opsins to the implanted optic fiber simultaneously. Emitted light was collected by the same fiber and focused onto
separate photoreceivers (Newport 2151) based on the wavelength pf fluorescent light. A Doric Fiber Console controlled by the
Doric Studios (V6.1.4.0) was used to control the LEDs, photostimulation lasers, and demodulate the collected signals based on
the wavelength.

For dual-cannula recordings in the BF and the VTA, we used the following experimental procedure. Animals were habituated in the
recording cage for 10 minutes with the optic fiber connected. After habituation, signals and mice behaviors were recorded for 10 mi-
nutes. The first stimulus was delivered 2 minutes post recording initiation and each stimulus was given at least 1 minute apart. The
water spray, air puff and object drop were presented to mice on different dates, at least three days apart.

For single-cannula dopamine recordings in the NAc, we used the following experimental procedure. Animals were habituated in the
recording cage for 10 minutes with the optic patch fiber connected. After habituation, signals and mice behaviors were recorded for
10 minutes. The first stimulus (water spray or photostimulation (A = 473 nm, 20 Hz, 20 ms, 10 s or 20 s) was delivered 2 minutes post
recording initiation and each stimulus was given at least 1 minute apart. For the photostimulation assay, the photostimulation was
applied to the VTA cannulas, and LEDs were applied to the NAc cannulas. For feeding assay, chow diet-fed mice which had been
pre-exposed to HFD were given the free access to HFD. The mice were habituated in the recording cage for 10 minutes with the
presence of HFD pellets. For feeding assay with photostimulation, mice were also exposed to and given the free access to HFD
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pellets. Yet, during 10-min recording epochs, once the mice engaged with feeding, the photostimulation (20 Hz, 20 ms, 10 s) was
applied to a separate optic cannula implanted in the VTA.

For single-cannula recordings and photostimulation in the VTA, we used the following experimental procedure. The photostimu-
lation laser and LEDs were applied to the same optic cannula in the VTA. Animals were habituated in the recording cage for 10 minutes
with the optic patch cable connected. After habituation, signals and mice behaviors were recorded for 10 minutes. The first photo-
stimulation sequence (A = 638 nm, 20 Hz, 20 ms, 10 s) was delivered at 50 seconds and followed by another 4 sequences with 50
seconds apart from each other.

In vivo photostimulation

Behavioral measurements were performed during the light cycle of the day at least four weeks post-surgery. An integrated rotary joint
patch cable (Doric Lenses, Quebec, QC, Canada) was used to connect the ferrule of the implanted optic fiber to the 473-nm diode-
pumped solid-state laser (Opto Engine LLC, Midvale, UT, USA). Light pulses (20 Hz, 20 ms) were controlled by Master-8 pulse stim-
ulator (A.M.P.1., Jerusalem, Israel). Mice were placed in the sanitized Phenotyper cages (Noldus, Wageningen, Netherlands) with a
camera real-time recording on top of the cage. After each test, cages were cleaned and sanitized with 75% ethanol. Before behav-
joral tests, mice were acclimated in the behavior room for at least 30 min.

Real-time place avoidance (RTPA)

The Noldus Phenotyper chamber was divided into two halves, one of which was paired with photostimulation. Mice were placed in
the laser-off side in the beginning and were free to roam in the enclosure. The EthoVision XT software (version 15.0; Noldus) was
triggered to collect tracking data for 10 minutes when mice entered the side paired with the photostimulation and the light pulses
were applied. RTPA was repeated with the side paired with photostimulation counterbalanced after a week.

Fasting refeeding assay

Mice were fasted overnight (16~18 hours). Chow diet pellets were placed in a petri dish in a corner of Phenotyper cages. Mice were
put in the center of cage and were free to roam in the enclosure. Once the mice entered the food corner and engaged in feeding, the
Ethovision XT software was triggered to collect tracking data and apply laser pulses for 10 minutes. The weight of pellets consumed
during the 10 minutes experiment episode were recorded. To deliver the glutamate receptor antagonists, the optic fiber cannula was
removed from the guiding cannula and the injector was inserted. A syringe (0.5 uL, Model 7000.5KH, 25 ga, 2.75 in) joined with a
plastic tube (RenaSil Silicone Rubber Tubing,.025 OD X.012 ID; Braintree Scientific, INC, Braintree, MA, USA) was used to deliver
50 nL (61 mM D-AP5 solution in saline) + 50 nL (24 mM DNQX solution in 25-30% DMSO) cocktail. After 5 minutes incubation,
the injector was removed, and the optic cannula was re-inserted, followed by feeding assays as described above.

Laser on-off open field test

Mice were put in the center of Phenotyper cages and were acclimated for three minutes before the software tracking. Mice were free
to roam in the enclosure and underwent 15-min trials consisting of three consecutive 5-min epochs (pre-laser, laser-on, and post-
laser). During pre-laser and post-laser epochs, the laser was turned off. During the laser-on period, the laser (20 Hz, 20 ms) was
applied. The total distance travelled, and the time spent in different zones were collected.

Chemogenetics

Mice that received hM3Dq or hM4Di viral vectors and control mice were treated with either saline or Clozapine-N-oxide (1 mg/kg,
i.p.). Behavioral tests were conducted 30 min post injections. For each cohort, half of mice were injected with saline and half of the
mice were injected with CNO. After one week, experiments were repeated mice with saline and CNO injections in a counterbal-
ance fashion. For metabolic cages recordings, mice were acclimated in metabolic cages for 2 days before application of saline/
CNO at ZT 6.

Singly housed fasting refeeding assay

Mice were singly housed and overnight fasted (16~18 hours) or 6-hour fasted at the light cycle before the assay. Mice were provided
with standard chow pellets 30 min after saline/CNO application. Food pellets were weighed at 0 h, 0.5 h, 1 h, 2 h, 4 h, and 6 h after
mice accessed the food pellets.

Operant conditioning

Mice were singly housed and kept with a calorie-restricted diet that they maintained 80~85% of their original body weight for a week
prior to training. Mice were trained daily for 30 min in Nose Poke chambers (Nose Poke chambers, MED-307W-B2, Med Associates
Inc, Fairfax, VT) on gradually-increasing fixed ratios (FR) of 1, 5, and 15. FR was increased whenever mice were able to acquire 25
pellets within 30 min. At the test day, mice from both groups were injected with CNO and tested for positive reinforcements. Three
days later, mice were tested again with saline injections.
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HFD preference test

Mice were habituated to HFD for three days before the testing day. At the testing day, animals were fasted for 6 hours at the light cycle
to induce feeding behaviors and were placed in the Noldus chamber. In the chamber, two petri dishes with respective HFD and CD
were placed in two different corners of the chambers, and two empty dishes were placed in the other two corners. Mice were allowed
to freely access any corner for 10 minutes and consumption of HFD and CD was recorded.

LDT and OFT
In LDT and OFT experiments, mouse movement was recorded with cameras mounted on top of the maze, the box and the pheno-
typer and tracked for 10 minutes using Ethovision XT software. The duration and frequency to access open arms, the light side cham-
ber and the center of chamber were collected. For individual mice that went through consecutive tests in weeks, the order was LDT
and then OFT.

Physiology assessment

Metabolic cages

Mice were individually housed in chambers of Columbus Instruments Comprehensive Lab Animal Monitoring System (Columbus In-
struments, Columbus, Ohio, USA) for chemogentic experiments or the PhenoMaster cages (TSE systems, Chesterfield, Missouri,
USA) for long-term body weight monitoring experiments. Mice were given ad libitum access to a normal chow diet and water.
Food intake, O2 consumption, and locomotion activity levels were measured using indirect calorimetry continuously at different
time points. Data was averaged through different time points in light and dark cycles, respectively, for comparison. The data from
the first day and the last day was removed.

Body weight and food intake measurement

Long-term body weights were collected weekly for 8 weeks post-surgery under normal chow diet and for another 8 weeks under
high-fat diet (Research Diets D12492; 20% protein, 60% fat, 20% carbohydrate, 5.21 kcal/g). Ad libitum food intake was measured
at the end of metabolic cages assessment and mice were singly housed. Daily food intake was recorded and averaged for three days.

Post-hoc analysis

Perfusion and tissue dissection

To harvest brain tissues, mice were anesthetized with ketamine/xylazine (150 mg/kg and 15 mg/kg, respectively). After loss of the
pedal reflex, mice were transcardially perfused with 15 ml of saline and 15 ml of 10% buffered formalin (In Vivo Perfusion System
IV-140, Braintree Scientific Inc.). The brains were then collected and stored in 10% buffered formalin overnight at room temperature,
and then, the brain was switched to 30% sucrose in PBS for overnight. Brains were sectioned into 30 uM coronal slices on a frozen
sliding microtome and stored in 0.1% NaN3 in PBS at 4 °C.

Immunohistochemistry (IHC)

For IHC, sectioned slices were rinsed with 0.3% Triton X-100 in phosphate-buffered saline (PBS) for 5 min three times and were
blocked in 0.3% Triton X-100 in PBS with 10% donkey serum at room temperature (RT) for 1 hour. The slices were incubated in a
primary antibody solution (primary antibody, 5% donkey serum, and 0.3% Triton X-100 in PBS) overnight at 4°C. The following pri-
mary antibodies were used: c-Fos rabbit monoclonal antibody (mAb) (9F6) (1:1000, #2250; Cell Signaling Technology), tyrosine hy-
droxylase rabbit polyclonal antibody (1:1000, ab112; abcam). For secondary antibody treatment, slices were rinsed with 0.3% Triton
X-100 in PBS for 5 min for three times and incubated in the secondary antibody solution (Alexa Fluor 647-conjugated AffiniPure
Donkey (H+L) anti-rabbit immunoglobulin G (Jackson ImmunoResearch), 1:400, 10% donkey serum, and 0.3% Triton X-100 in
PBS) for 2 hours at RT. The floating slices were mounted onto microscope slides and coverslipped with Fluoromount (Diagnostic
BioSystems Inc., Sigma-Aldrich). A confocal microscope was used to image the slices at different resolutions (Leica TCS SP5, Leica
Microsystems, Wetzlar, Germany). Mice with offsite injections and cannula implants were removed from the study. The confocal im-
ages were processed with ImageJ 1.54D.%° The fluorescence-positive neurons were recognized and quantified in the software
QuPath 0.4.2 (https://qupath.github.io).?*

In situ hybridization (ISH)

For in situ hybridization experiment to detect mRNA levels, fixed-frozen brain tissues were sectioned at 17.5 um thickness using a
sliding microtome and mounted onto Superfrost Plus Gold slides (Fisher Scientific, INC). Sections were first air dry at RT for 30 mi-
nutes and baked at 60 °C for 30 minutes. Sections were post-fixed with pre-cold 10% neutral buffered formalin at 4 °C for 15 minutes.
Sections were further dehydrated with 50%, 70%, and 100% ethanol at RT and then applied with 3% hydrogen peroxide for 10 mi-
nutes at RT. After 10 minutes’ antigen retrieval at 98~100 °C, sections were digested with protease (RNAscope™ Protease |,
#322340, Advanced Cell Diagnostic, INC). Sections were hybridized with probes against Vgat (RNAscope® Probe - Mm-Vgat, #
319191, Advanced Cell Diagnostic, INC) and Fos (RNAscope® Probe - Mm-Fos-C2, #316921-C2, Advanced Cell Diagnostic,
INC) for 2 h at 40 °C and signals were amplified with RNAscope® Multiplex Fluorescent Reagent Kit v2 with TSA Vivid Dyes
(#323270, Advanced Cell Diagnostic, INC). The fluorescence-positive neurons were recognized and quantified in the software
QuPath 0.4.2 (https://qupath.github.io).
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QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 9.5.1 (GraphPad Software, Inc., La Jolla, CA, USA) was used for all statistical analyses and construction parts of the
figures. For fiber photometry data, raw data from single trials was first processed through pMat application (https://github.com/
djamesbarker/pMAT).2® Individual traces were aligned to zero at stimulus onset and averaged to be visualized in MATLAB
R2022b (student version). In the heatmaps, signals were normalized from 0 to 1 across each trial. The unpaired two-tailed Student’s
t-test was used for single-variable comparisons. Two-way repeated ANOVA followed by Sidak’s multiple comparisons were used for
repeated measurements in group comparisons. Two-way non-repeated ANOVA followed by Sidak’s multiple comparisons was used
for group comparisons. Error bars in graphs were represented as mean + s.e.m. p < 0.05 was considered significant. p* < 0.05,
p*™* <0.01, p** < 0.005, p**** < 0.0001. The sample sizes were chosen based on previously published work. All tests met assumptions
for normal distribution, with similar variance between groups that were statistically compared. N values represent the final number of
animals used in experiments following genotype verification and post-hoc validation of injection sites/cannula implantations.
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