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SUMMARY

The ventral tegmental area (VTA) has dopamine, GABA, and glutamate neurons, which have been implicated
in reward and aversion. Here, we determined whether VTA-glutamate or -GABA neurons play a role in innate
defensive behavior. By VTA cell-type-specific genetic ablation, we found that ablation of glutamate, but not
GABA, neurons abolishes escape behavior in response to threatening stimuli. We found that escape behavior
is also decreased by chemogenetic inhibition of VTA-glutamate neurons and detected increases in activity in
VTA-glutamate neurons in response to the threatening stimuli. By ultrastructural and electrophysiological
analysis, we established that VTA-glutamate neurons receive a major monosynaptic glutamatergic input
from the lateral hypothalamic area (LHA) and found that photoinhibition of this input decreases escape re-
sponses to threatening stimuli. These findings indicate that VTA-glutamate neurons are activated by and
required for innate defensive responses and that information on threatening stimuli to VTA-glutamate neu-

rons is relayed by LHA-glutamate neurons.

INTRODUCTION

Defensive behaviors are characterized by different and often
non-overlapping responses, such as freezing, fighting, or escape
(Eilam, 2005; LeDoux and Daw, 2018; Mongeau et al., 2003). The
selection of an adequate strategy to cope with a life-threatening
situation is determined by the proximity or imminence of the
threat, and it is vital for the survival of the individual and the spe-
cies. Several brain areas have been implicated in defensive re-
sponses, including periaqueductal gray (Deng et al., 2016; Gross
and Canteras, 2012; LeDoux and Daw, 2018; Li et al., 2018),
amygdala (Gross and Canteras, 2012; LeDoux and Daw, 2018),
hypothalamus (Gross and Canteras, 2012; Li et al., 2018; Mon-
geau et al., 2003; Wang et al., 2015a), and ventral tegmental
area (VTA) (Wilson and Hall, 1988; Zhou et al., 2019).

The VTA has diverse cell types with distinct cytoarchitecture,
connectivity, and function (Morales and Margolis, 2017), which
includes dopamine neurons (expressing tyrosine hydroxylase
[TH]) intermingled with glutamate (expressing vesicular gluta-
mate transporter 2 [VGIuT2]) and GABA (expressing vesicular
GABA transporter [VGaT]) neurons. In addition, some VTA neu-
rons co-release several neurotransmitters, either from the
same or from different synaptic compartments (Berrios et al.,
2016; Morales and Margolis, 2017; Root et al., 2014a; Zhang
et al., 2015). VTA-dopamine neurons have been classically pro-

posed to mediate reward processes (Berridge and Robinson,
1998; Schultz, 2016; Wise, 2004). However, VTA-dopamine neu-
rons have also been implicated in signaling aversive stimuli (Bri-
schoux et al., 2009; Bromberg-Martin et al., 2010; Lammel et al.,
2014). Electrophysiological recordings in monkeys (Fiorillo et al.,
2013) and mice (Matsumoto et al., 2016; Moriya et al., 2018) have
shown an increased excitation of VTA-dopamine neurons in
response to aversive stimuli, and calcium imaging studies have
suggested a role of VTA-dopamine neurons projecting specif-
ically to the ventromedial part of the nucleus accumbens
(nAcc) shell in encoding aversive stimuli and the cues signaling
those stimuli (de Jong et al., 2019).

In addition to VTA-dopamine neurons, both VTA-GABA and
VTA-glutamate neurons have been shown to play a role in medi-
ating aversion. Initial optogenetic studies demonstrated that VTA
photoactivation of GABA neurons induces avoidance behavior
by inhibiting neighboring dopamine neurons (Tan et al., 2012).
In a more recent circuit-based study, it was demonstrated that
place avoidance mediated by VTA-GABA neurons is regulated
by lateral hypothalamus (LH) glutamatergic inputs, and activa-
tion of these inputs results in the suppression of dopamine
release in nAcc (Nieh et al., 2016). We had previously shown
that nAcc photoactivation of VTA-VGIUT2 inputs drives aversion
by a mechanism in which glutamate release from VTA-VGIUT2 in-
puts induces the firing of local parvalbumin GABA-interneurons,
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Figure 1. VTA-VGIUT2 Neurons, but Not VGaT Neurons, Mediate Innate Escape Responses

(A) VTA viral injections.

(B-C”) Low (B) and high (C—-C’’) magnification of VTA from a control mouse (injected with AAV1-DIO-DsRed) showing neurons expressing VGIuT2 mRNA (red)
intermixed with TH-immunoreactive neurons (TH-IRs; green).

(legend continued on next page)
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resulting in inhibition of neighboring nAcc medium spiny neurons
(Qi et al., 2016). Likewise, aversion is also promoted by lateral
habenula photoactivation of VTA-VGIUT2 inputs (Root et al.,
2014b). Furthermore, we have recently shown by in vivo record-
ings that the firing rate of a large subpopulation of VTA-VGIuT2
neurons increases in response to aversive stimuli (Root et al.,
2018). Here, we determined whether VTA-VGIuT2 and VTA-
GABA neurons play a role in innate defensive responses.

RESULTS

VTA-VGIuT2 Neurons, but Not VTA-VGaT Neurons,
Mediate Innate Escape Responses

To examine the role of VTA-VGIUT2 neurons in innate escape
behavior, we expressed the apoptosis-inducing protein, cas-
pase-3 (Casp3) in VTA-VGIUT2 neurons in VGIuT2::Cre mice (Fig-
ure 1A). By RNAscope VTA cellular detection of VGIuT2 mRNA,
we confirmed the ablation of VTA-VGIuT2 neurons (Figures
1B-1F). By testing VTA-VGIuT2 ablated and control mice re-
sponses to a looming stimulus (a black disc mechanically de-
scended above the open field arena, mimicking an aerial pred-
ator attack; De Franceschi et al., 2016; Evans et al., 2018;
Huang et al., 2017; Wei et al., 2015; Zhou et al., 2019), we found
that control mice displayed more runs in response to the threat-
ening stimulus than in its absence (12.1 + 1.5 versus 7.6 = 1.5;
Figure 1G), contrasting with fewer runs in VTA-VGIuT2 ablated
mice (baseline, 7.8 + 0.9; looming, 5.2 + 0.7; Figure 1G). In a sec-
ond test, we measured escape latency to exposure of the syn-
thetic predator odor trimethylthiazoline (10% TMT; Rosen
et al., 2015) and found a shorter escape latency (3.0 + 1.1; Fig-
ure 1H) in control mice than in VTA-VGIUT2 ablated mice
(11.8 + 2.4; Figure 1H). Locomotor activity was not affected by
ablation of VTA-VGIUT2 neurons (Figures S1A-S1C). These find-
ings suggest a role of VTA-VGIUT2 neurons in innate escape
behaviors.

Given that previous studies have shown a role in aversion by
VTA-GABA neurons (Tan et al., 2012; Nieh et al., 2016), we
examined the possible contribution of these neurons in innate
escape behavior. As for VTA-VGIUT2 neuronal ablation, we
genetically ablated VTA-GABA neurons by Casp3 expression
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into the VTA of VGaT::Cre mice (Figure 1I) and by RNAscope
detection of VGaT mRNA confirmed their ablation (Figures 1J-
1N). We found that both control and VTA-VGaT ablated mice
showed similar number of runs in response to looming stimulus
(Figure 10) and similar escape latencies in response to TMT
exposure (Figure 1P), without affecting locomotor activity (Fig-
ures S1D-S1F). These results indicate that, in contrast to VTA-
VGIUT2 neurons, VTA-VGaT neurons do not seem to be involved
in escape behavior in response to looming or odor-threatening
stimuli.

VTA-VGIuT2 Neurons Encode Innate Escape Responses
By in vivo fiber photometry, we tested the participation of VTA-
VGIuT2 neurons in innate escape behavior. We expressed
GCaMP6s in VTA-VGIuT2 neurons of VGIuT2::Cre mice and re-
corded Ca?* activity in VTA-VGIUT2 neurons in response to a
looming stimulus (Figures 2A and S2A-S2C). We detected signif-
icant increases in Ca®" activity in VTA-VGIUT2 neurons in
response to a looming stimulus when compared with pre-stim-
ulus baseline (Figures 2B and 2C). We observed that these in-
creases in Ca®* activity in VTA-VGIUT2 neurons were long lasting
(Figures 2B and 2C), suggesting that they were not just reflecting
responses to sensory events. Given that there is the possibility
that increases in Ca®* activity in VTA-VGIUT2 neurons in
response to the looming stimulus may reflect responses to visual
events, we next recorded Ca?* activity in VTA-VGIUT2 neurons in
response to both a neutral odor (10% lemon odor) and to TMT
odor (10%; Figures 2D-2F). Although both odors increased
Ca?* activity in VTA-VGIUT2 neurons, the increases were greater
in response to TMT (Figures 2E and 2F), suggesting that VTA-
VGIuT2 neurons were tuned to the threatening stimuli.

By in vivo recordings, we have shown that some VTA-VGIuT2
neurons increase their firing rate in response to sucrose delivery
(Root et al., 2018), raising the possibility that different subpopu-
lations of VTA-VGIUT2 neurons respond differentially to appeti-
tive or aversive stimuli. To test this possibility, we recorded
Ca?* activity in VTA-VGIUT2 neurons while mice were eating
standard chow or palatable sucrose pellets (Figures S2C and
S2G). Although we observed increases in Ca®* activity for both
foods, the responses were not significantly different from

(D-E”) Low (D) and high (E-E’’) magnification of VTA from a mouse injected with AAV1-Flex-taCasp3 showing TH-IRs and lack of VGIuT2 mRNA.

(F) VTA-VGIUT2 neurons are present in control mice (408.67 + 115.84; 3 mice) but infrequent in caspase mice (32.67 + 9.56; 3 mice; 3 sections per mouse; ) =
—3.23, *p < 0.05, t test; data represent mean + SEM).

(G) Number of runs induced by looming stimulus is lower in caspase mice than in control mice (control, n=7; caspase, n = 9; group X experimental phase: F(1,14) =
56.07, p < 0.001, ANOVA with Newman-Keuls post hoc test; data represent mean + SEM). **p < 0.01 and ***p < 0.001 against the first 3 min of the test for each
group; ++p < 0.01 against control.

(H) Escape latency from TMT odor is higher in caspase mice than in control mice (control, n = 7; caspase, n = 9; t414) = —2.98, **p < 0.01, t test; data represent
mean + SEM).

(I) VTA viral injections.

(J-K”) Low (J) and high (K-K”’) magnification of VTA from a control mouse (injected with AAV1-DIO-DsRed) showing neurons expressing VGaT mRNA (green)
intermixed with TH-IR cells (red).

(L-M”) Low (L) and high (M-M’*) magnification of VTA from a mouse injected with AAV1-Flex-taCasp3 showing TH-IRs and lacking VGaT mRNA.

(N) VTA-VGaT neurons are present in control mice (136 + 18.5; 3 mice) but infrequent in caspase mice (33 + 14.53; 3 mice; 3 sections per mouse; t4) = 4.38, *p <
0.05, t test; data represent mean + SEM).

(O) The number of runs induced by looming stimulus is similar in control and caspase mice (control, n = 7; caspase, n = 9; group X experimental phase: F; 14) =
0.002, p = 0.97, ANOVA; **p < 0.001 against the first 3 min of the experiment; data represent mean + SEM).

(P) The latency to escape from TMT odor is similar in control and caspase mice (control, n = 7; caspase, n = 9; 44 = 0.73, p = 0.48, t test; data represent
mean + SEM).

See also Figure S1.
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Figure 2. VTA-VGIuT2 Neurons Encode Innate Escape Responses

(A) VTA viral injection of AAV-Flex-GCaMP6s and VTA photometry fiber (top); schematic representation of the looming stimulus (bottom).

(B) Whole session recording from VTA-VGIUT2 neurons showing time of looming stimulus onset (top); heatmap of Ca2* activity over successive looming trials
(middle); cell population responses to looming stimulus onset showing increases in Ca?* activity in VTA-VGIUT2 neurons (bottom).

(C) Population Ca®*activity (+SEM) in VTA-VGIUT2 neurons during looming stimulus onset. Inset: area under the curve (AUC) for Ca®* activity in VTA-VGIUT2
neurons before (=5 to 0 s, baseline) and after (0-5 s, onset) onset of looming stimulus is shown (n = 12; t test; f1g5) = 6.52, **p < 0.001; data represent
mean + SEM).

(D) Schematic representation of odor exposure.

(E) Population of Ca®* activity (+SEM) in VTA-VGIUT2 neurons in response to lemon (left) or TMT (right) odor.

(F) AUC for Ca®* activity in VTA-VGIUT2 neurons in response to lemon or TMT odors (n = 12; odor x epoch: F1,426)=9.50, p < 0.001, ANOVA with Bonferroni post
hoc test; ***p < 0.001; data represent mean + SEM).

(G) Viral injections of AAV-hM4D-mCherry or AAV-mCherry in VTA of VGIuT2::Cre mice.

(H) Chemogenetic inhibition of VTA-VGIUT2 neurons by intraperitoneal (IP) CNO injection (3 mg/kg) increased escape latency from TMT odor (tzs) = —27.61, p =
0.005, t test; data represent mean + SEM). ++p < 0.01 against vehicle.

(legend continued on next page)
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baseline (Figures S2H-S2J). In the same experiment, we next re-
corded Ca®* activity while lightly grabbing mice from the tail and
lifting them from the ground, a condition in which mice display
escape responses. We detected significant increases in Ca®*
activity in response to mouse lift, suggesting that VTA-VGIuT2
neurons’ response is greater to threatening versus appetitive
stimuli (Figures S2H-S2K).

To determine a causal role for VTA-VGIUT2 neurons in innate
escape behavior, we studied TMT-induced escape behavior in
mice expressing hM4D (inhibitory Gi-coupled designer recep-
tors exclusively activated by designer drugs [DREADDs]) in
VTA-VGIUT2 neurons (Figures 2G, S2D, and S2E). We found
that VTA-VGIuUT2 neuronal chemogenetic inactivation by periph-
eral injection of the hM4D ligands clozapine-N-oxide (CNO) (Fig-
ure 2H) or JHU 37160 (J60; Figure 2I) increased the escape la-
tency to TMT odor presentation when compared with vehicle
injection. We did not observe changes in mice locomotor activity
induced by CNO or J60 (Figures S2F and S2L). In another set of
mice expressing hM4D-mCherry in VTA-VGIUT2 neurons, we
examined effects of intra-VTA injections of artificial cerebrospi-
nal fluid (@CSF) or J60 in response to cat litter containing either
water or cat urine. We observed that, when mice received
intra-VTA aCSF injections, they escaped faster when presented
with cat urine than when presented with water, but intra-VTA J60
injections significantly increased cat-urine-induced escape la-
tency, without affecting the response to water presentation (Fig-
ures 2J and S2M). These findings from chemogenetic inhibition
indicate that VTA-VGIuT2 neurons mediate innate escape
behaviors.

A Major Monosynaptic Glutamatergic Input to VTA-
VGIuT2 Neurons from Lateral Hypothalamic Area (LHA)
We next looked for possible sources of glutamatergic synaptic
inputs to induce activation of VTA-VGIUT2 neurons. Tracing
studies have shown that LH-VGIuT2 neurons provide a major
glutamatergic input to VTA (Geisler et al., 2007), and rabies-vi-
rus-based trans-synaptic retrograde tracing studies have sug-
gested that LH provides a major monosynaptic input to VTA-
VGIUT2 neurons (Faget et al., 2016; Beier et al., 2019). Thus,
we next determine the extent to which monosynaptic inputs to
VTA-VGIuT2 neurons derived from LHA-VGIUT2 neurons. By
VTA injection of retrograde tract tracer Fluoro-Gold (FG) (Fig-
ure S3A), we found the highest concentration of FG neurons
within LHA (349.3 + 91.5 neurons), fewer FG neurons in neigh-
boring ventromedial hypothalamic nucleus (2.0 = 1.0 neurons),
anterior hypothalamic area (anterior part; 2.3 + 1.2 neurons),
anterior hypothalamic area (posterior part; 8.0 + 3.2 neurons),
paraventricular hypothalamic nucleus (ventral part; 21.3 + 9.3
neurons), dorsomedial hypothalamic nucleus (42.7 + 11.0 neu-
rons), and posterior hypothalamic area (77.3 + 27.7 neurons; Fig-
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ures S3F, S3G, and S3I). By in situ hybridization (Figures S3B-
S3E”), we found that, within the total population of LHA FG neu-
rons, =40% (40.3% = 2.3%; 466/1,231 FG neurons) co-ex-
pressed VGIUT2 mRNA and =60% (59.7% + 2.3%; 765/1,231
FG neurons) lacked VGIuT2 mRNA (Figure S3H). Although we
observed FG neurons co-expressing VGIuT2 mRNA throughout
rostral (—1.22 bregma), medial (—1.58 bregma), and caudal
(—1.94 bregma) aspects of the LHA (Figure S3J), FG neurons
lacking VGIuT2 mRNA were concentrated in medial and caudal
aspects of the LHA (Table S1). These findings indicate that
VTA receives a major input from LHA-VGIUT2 neurons.

Next, we determined the extent to which LHA-VGIUT2 neurons
synapse on VTA-VGIUT2 neurons in mice that expressed
mCherry in LHA-VGIUT2 neurons and eYFP in VTA-VGIUT2 neu-
rons (Figure 3A). We confirmed the distribution of VGIUT2 neu-
rons expressing mCherry in LHA perifornical area (Figures
S4A-S4E), identified in VTA mCherry axons intermixed with
VGIuT2-eYFP neurons (Figures 3B and 3C), and determined
that mCherry-axon terminals co-expressed VGIuT2-protein (Fig-
ure 3C). By ultrastructural analysis, we found that, from the total
population of LHA-VGIuT2-mCherry-axon terminals establishing
synapses, 46.6% + 4.2% made asymmetric synapses on both
dendrites and soma of VTA-VGIuT2-eYFP neurons (n = 1,420 ter-
minals; Figures 3D-3K, S5A, S5C, and S5C’). Moreover, we
determined that multiple LHA-VGIuT2-mCherry-axon terminals
established synapses on a single VTA-VGIuT2-eYFP dendrite
(Figure 3D). These ultrastructural synaptic findings indicate that
LHA-VGIUT2 neurons provide a major excitatory regulation on
single VTA-VGIUT2 neurons.

By ultrastructural analysis, we also examined the synaptic
connectivity of LHA-VGIUT2 axon terminals on VTA-TH neurons
and found that, from the total population of LHA-VGIUT2-
mCherry axon terminals establishing synapses, 31.5% =
3.3% made asymmetric synapses on TH-dendrites (n = 1,690
terminals; Figures 3K and S5B). Although we did not detect
LHA-VGIuT2-mCherry terminals making synapses on somas
containing only TH, we detected LHA-VGIuT2-mCherry termi-
nals making synapses on somas of VGIuT2 neurons co-express-
ing TH (Figure 3C). The ultrastructural synaptic findings showing
that LHA-VGIUT2 neurons establish multiple synapses on single
VTA-VGIUT2 dendrites and somas but few synapses on single
VTA-TH dendrites and never on somas of TH-only neurons indi-
cate that glutamate release from LHA-VGIuT2 fibers has a stron-
ger excitatory influence on VTA-VGIUT2 neurons than on VTA-
dopamine-only neurons.

To further confirm the monosynaptic excitatory nature of the
synapses established by LHA-VGIuT2 terminals on VTA-VGIuT2
neurons, we prepared VTA slices from mice expressing eYFP in
local VGIUT2 neurons and mCherry in fibers from LHA-VGIuT2
neurons. By voltage clamp recordings of VTA-VGIuT2-eYFP

(I) Chemogenetic inhibition of VTA-VGIUT2 neurons by IP J60 injection (0.1 mg/kg) increased escape latency from TMT odor (mCherry: n = 6; hM4D-mCherry:
n =6; group X treatment: F(y 10 = 5.61; p < 0.05, ANOVA with Newman-Keuls post hoc test; data represent mean + SEM). *p < 0.05 against vehicle; ++p < 0.01

against mCherry.

(J) Chemogenetic inhibition of VTA-VGIUT2 neurons by intra-VTA J60 injection (0.1 ng/uL) increased escape latency from cat urine odor (hM4D-mCherry: n = 6;
odor X treatment: F5 5y = 51.31; p < 0.001, ANOVA with Newman-Keuls post hoc test; data represent mean + SEM). *p < 0.05; **p < 0.001 against water

odor; +++p < 0.001 against aCSF.
See also Figure S2.
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neurons, we detected excitatory postsynaptic currents (EPSCs)
evoked by photoactivation of LHA-VGIuT2-mCherry fibers (Fig-
ure 3L). The amplitude of the EPSCs was not significantly
affected by bath application of GABA, receptor antagonist bicu-
culline, but it was abolished by AMPA receptor antagonist CNQX
(Figures 3L-30). EPSCs amplitude was also blocked by bath
application of tetrodotoxin (Figures 3N and 30) and restored
by 4-aminopyridine (Figures 3N and 30), demonstrating mono-
synaptic glutamatergic transmission from LHA-VGIuT2 fibers to
VTA-VGIUT2 neurons. In current clamp recordings, we detected
a single action potential firing in VTA-VGIuT2-eYFP neurons in
response to a single pulse of photoactivation of LHA-VGIUT2 fi-
bers (Figure S5D) and observed burst firing in VTA-VGIUT2 neu-
rons in response to repetitive 20-Hz, 1-s photostimulation of
LHA-VGIUT2 fibers (Figure S5E). These findings indicate that
VTA release of glutamate from LHA-VGIUT2 fibers drives the
firing of VTA-VGIUT2 neurons via activation of their glutamatergic
receptors.

We next determined the extent to which activation of LHA-
VGIUT2 inputs induced VTA expression of c-Fos (a marker of
neuronal activation) in mice with LHA-VGIUT2 neuronal expres-
sion of ChR2-eYFP (ChR2-eYFP mice; Figures S6A and S6B)
or eYFP (eYFP mice; Figures S6A-S6F). After VTA photostimula-
tion, we detected 2.5 times more c-Fos neurons in the VTA of
ChR2-eYFP mice (279.7 + 58.7 neurons) than in the VTA of
eYFP mice (109.3 + 11.2 neurons; Figures 4A-4D). By phenotyp-
ing VTA c-Fos-positive neurons, we found 10 times less c-Fos-
VGaT neurons (16.67 + 6.89 neurons; Figures 4E-4G) than c-
Fos-VGIuT2 neurons (169.33 + 13.38 neurons) and determined
that these c-Fos-VGIuT2 neurons were more abundant in ros-
tro-linear, parabrachial pigmented and rostral VTA nuclei (Table
S2). These c-Fos findings further indicate that inputs from LHA-
VGIuT2 neurons to VTA preferentially activate VGIUT2 neurons.
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Given that previous viral-based mapping studies have shown
that LH provides a major monosynaptic input to VTA-TH neurons
(Watabe-Uchida et al., 2012), we examined the connectivity ratio
by VTA photostimulation of LHA-VGIUT2 fibers on VGIuT2 and
TH neurons by slice electrophysiology. We used TH::Cre trans-
genic mice for recordings of VTA-TH neurons after confirming
selective expression of TH mRNA in transfected neurons (Fig-
ure S7). After VTA photostimulation, we found a higher propor-
tion of VGIUT2 responsive neurons than TH responsive neurons
(Figures 4H-4K). These electrophysiological findings, together
with the synaptic ultrastructural observations, indicate a prefer-
ential synaptic connectivity between LHA-VGIUT2 and VTA-
VGIuT2 neurons.

VTA Photostimulation or Photoinhibition of LHA-VGIuT2
Fibers Modulates Innate Escape Responses

To test the participation of LHA-VGIuUT2 fibers projecting to VTA
in response to a looming stimulus, we tested mice that, in LHA-
VGIuUT2 neurons, expressed ChR2-eYFP (ChR2-eYFP mice),
eYFP (control mice), or halorhodopsin (Halo-eYFP mice; Fig-
ure S6). In the absence of VTA laser stimulation, we detected
in all tested mice similar increases in the number of runs (Fig-
ure 5A) and speed (Figure S8; Table S3) in response to a looming
stimulus, without changes in movement direction. In contrast,
we found that VTA photostimulation of LHA-VGIUT2 fibers
increased the number of runs and speed in ChR2-eYFP, but
not in eYFP mice (Figures 5A and S8). Conversely, VTA photoin-
hibition of LHA-VGIUT2 fibers blocked looming-induced runs and
speed (Figures 5A and S8).

We next examined the possible contribution of LHA-VGIUT2
inputs to VTA in innate hiding responses, given that a recent
study has proposed a role for VTA-GABA neurons in mediating
flight-to-nest responses (Zhou et al., 2019). We tested responses

Figure 3. Within the VTA, LHA-VGIuT2 Neurons Preferentially Establish Excitatory Synapses on VGIuT2 Neurons
(A) Viral injection of AAV1-DIO-ChR2-mCherry into LHA and AAV1-DIO-eYFP into VTA of VGIuT2::Cre mice.
(B) Confocal microscopy of VTA at low magnification; TH (blue), VGIuT2-eYFP neurons (green), and VGIuT2-mCherry fibers from LHA (red).

(C) Box in (B) at higher magnification showing TH neurons, VGIuT2 neurons, and terminals (arrows and arrowheads) from LHA-VGIUT2 neurons co-expressing
mCherry and VGIUT2 protein (white). Note terminals contacting soma (magenta arrow in neuron no. 1) and dendrites (magenta arrowheads) from VTA-VGIuT2
neurons or contacting soma from a VTA-VGIuT2-TH neuron (yellow arrow in neuron no. 2).

(D) Single VTA-VGIuUT2 dendrite (green outline with GFP detected by gold particles, arrowhead) making asymmetric synapses (green arrows) with three axon
terminals (AT4_3, red outlines) from LHA-VGIUT2 neurons co-expressing mCherry (scattered dark material) and VGIuT2 (arrowhead, gold particles). A VGIuT2-
negative dendrite (blue outline) makes an asymmetric synapse (green arrow) with a terminal (AT,) from a LHA-VGIuT2 neuron.

(E) Corresponding diagram.

(F) AT3 at higher magnification.

(G) A VTA-VGIUT2 soma (green outline with GFP detected by gold particles, arrowhead) making asymmetric synapses (green arrows) with two AT (AT4_p, red
outlines) from LHA-VGIUT2 neurons co-expressing mCherry (scattered dark material) and VGIUT2 (gold particles).

(H) Corresponding diagram.

(I) AT, at higher magnification.

(J) AT, at higher magnification.

(K) Within the VTA, LHA-VGIUT2 axon terminals more frequently synapse on VGIuT2* dendrites (699/1,420 LHA-VGIUT2 terminals) than on TH* dendrites (538/
1,690 LHA-VGIUT2 terminals; t4) = 2.81, *p < 0.05, t test; data represent mean + SEM).

(L) Evoked excitatory postsynaptic currents (EPSCs) at —60 mV (baseline, green trace) abolished by 10 uM CNQX (gray trace), but not by 10 uM bicuculline
(pink trace).

(M) EPSCs amplitude in VTA-VGIUT2 neurons (baseline: —39.08 + 5.77 pA, bicuculline: —43.09 + 6.71 pA, bicuculline + CNQX: —2.3 + 0.32 pA; n = 11 neurons from
7 mice; Fz 32 = 35.97, p < 0.001; **p < 0.001 versus baseline, ANOVA with Dunnett’s post hoc test; data represent mean + SEM).

(N) EPSCs at —60 mV (baseline, green trace) abolished by 1 uM TTX (black trace) and restored by 200 uM 4AP (blue trace).

(O) EPSCs amplitude in VTA-VGIUT2 neurons (baseline: —56.96 + 9.13 pA, TTX: —10.04 + 2.83 pA, TTX + 4AP: —74.85 + 16.48 pA, CNQX: —9.72 + 3.58 pA;n=5
neurons from 3 mice; Fz 19y = 17.55, p < 0.001; *p < 0.01 versus baseline, ANOVA with Dunnett’s post hoc test; data represent mean + SEM).

See also Figures S3-S5.
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to a looming stimulus under conditions in which a shelter was
available for mice to hide and determined that, regardless of
the presence or absence of a looming stimulus, mice spent
long periods of time inside the shelter (Figure 5B). However,
we found that VTA laser stimulation of LHA-VGIUT2 fibers
induced runs in ChR2-eYFP mice without affecting the number
of runs in eYFP or Halo-eYFP mice (Figure 5B). We also found
that VTA laser stimulation of LHA-VGIUT2 fibers decreased the
hiding time in ChR2-eYFP, but not in eYFP or Halo-eYFP mice
(Figure S9A), indicating that activation of this pathway disrupted
the shelter conferred safety. These findings indicate that LHA-
VGIuT2 inputs to VTA play a role in innate escape responses,
but not in innate hiding responses.

We conducted a forced swim test to determine whether LHA-
VGIUT2 inputs to VTA play a role in escape responses during a
threatening situation by placing mice in a container filled with wa-
ter and measured mouse time duration of immobility through a
laser-off epoch followed by a laser-on epoch. We found that all
tested mice spent similar time immobile during the laser-off
epoch (Figure S9B), but VTA laser stimulation of LHA-VGIUT2 fi-
bers during the laser-on epoch decreased time duration of
immobility in ChR2-eYFP mice, increased time duration of
immobility in Halo-eYFP mice, and maintained it in eYFP mice
(Figure 5C). In addition, we observed that, toward the end of
the laser-on epoch test, ChR2-eYFP mice kept swimming and
Halo-eYFP mice had immobility duration higher than eYFP
mice (Figure S9C). Consequently, we found that the total trav-
eled distance and speed average were significantly higher in
ChR2-eYFP mice than in eYFP mice (Figures S9D and S9E),
but they shared similar maximum speed, indicating that both
group of mice were capable of displaying swimming responses
(Figure S9F).

Next, we tested whether VTA photostimulation of LHA-VGIUT2
fibers induced anxiety in an open field test (Figure S9G). We
found that VTA photostimulation of LHA-VGIuUT2 fibers did not
alter the time that eYFP or ChR2-eYFP mice spent in the periph-
ery or center zones (Figure S9H). These findings indicate that
LHA-VGIUT2 inputs to VTA play a role in escape responses dur-
ing a threatening situation but do not mediate anxiety.

We also measured the latency for a mouse to escape a cham-
ber where lemon or TMT odors were presented during VTA pho-
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tostimulation or photoinhibition of LHA-VGIUT2 fibers. We found
that VTA photostimulation in ChR2-eYFP mice, but not in eYFP
mice, induced escape from the lemon odor (Figure 5D). In
contrast, we found a longer escape latency to TMT odor during
VTA photoinhibition in Halo-eYFP mice (Figure 5D). These find-
ings indicate that LHA-VGIuUT2 inputs to VTA play arole in escape
behavior.

LHA-VGIuT2 Neurons Projecting to VTA Are Activated by
Innate Threats

We next injected a retrograde Cre-dependent GCaMP6s-ex-
pressing herpes simplex virus in VTA of VGIuT2::Cre mice to
measure Ca®* activity in LHA-VGIUT2 neurons innervating VTA
(Figures 6A-6C). By in vivo fiber photometry, we detected in-
creases in Ca®* activity in LHA-VGIUT2 neurons in response to
looming stimulus (Figures 6D-6F) and in response to lemon or
TMT odor exposure (Figures 6G-6l), but Ca* activity was higher
in response to TMT (Figure 6l). These findings suggest that in-
puts from LHA-VGIUT2 neurons synapsing on VTA are tuned to
threatening stimuli.

Next, we determined the functional connectivity between
LHA-VGIUT2 neurons and VTA-VGIUuT2 neurons in mediating
innate escape behavior by combining optogenetic and chemo-
genetic approaches. We tested mice expressing ChR2-eYFP
or eYFP in LHA-VGIuUT2 neurons and expressing hM4D in VTA-
VGIUT2 neurons (Figures S10A-S10C). We confirmed that
ChR2-eYFP mice, but not eYFP mice, presented with the neutral
lemon odor behave as if it was a threatening predator odor dur-
ing VTA laser stimulation of LHA-VGIuT2 fibers (Figure 5D; Figure
S10D); and we determined that the latency to escape was
increased when VTA-VGIuUT2 neurons were inhibited by CNO in-
jectionin ChR2-eYFP mice (Figures S10D and S10E). These find-
ings further support a role of LHA-VGIUT2 neurons projecting to
VTA-VGIUT2 neurons in signaling threatening stimuli that induce
innate escape responses.

DISCUSSION
Defensive behaviors are stereotyped actions that are naturally

selected toincrease the chances of survival across animal species.
Although fighting and freezing have been widely studied, the

Figure 4. VTA Photostimulation of LHA-VGIuT2 Fibers Induces c-Fos Expression Mostly in VGIuT2 Neurons
(A and C) c-Fos expression (brown nuclei) induced by VTA photostimulation of LHA-VGIUT2 fibers in ChR2-eYFP (A) or eYFP mice (C).

B) Box in (A) at higher magnification.
D) Box in (C) at higher magnification.

F) Neuron co-expressing c-Fos and VGaT mRNA, lacking VGIuT2 mRNA (arrowhead).

(
(
(E) Neuron co-expressing c-Fos and VGIUT2, lacking VGaT mRNA (arrow).
(
(

G) VTA number of c-Fos neurons was higher in ChR2-eYFP mice (252.67 + 17.33; n = 3, 9 sections/mouse) than in eYFP mice (89.00 + 2.31; n = 3, 9 section/
mouse; tu) = 9.36, p < 0.001, t test). Within VTA of ChR2-eYFP mice, most of c-Fos neurons co-expressed VGIuT2 mRNA (169.33 + 13.38; 508 neurons), fewer co-
expressed VGaT (16.67 + 6.89; 50 neurons) or VGIuT2 and VGaT (5.00 + 2.31; 7 neurons), and two thirds lacked both VGIuT2 and VGaT mRNA (61.67 + 11.46, 106
neurons; cell type: Fg ¢ = 58.36, p < 0.001, ANOVA with Newman-Keuls post hoc test; data represent mean + SEM). Asterisks indicate significant differences
against c-Fos/VGIuT2 neuronal subtype. ***p < 0.001. Plus signs indicate differences against eYFP mice. +++ p < 0.001.

(H) Viral injection of AAV1-CamKII-ChR2-mCherry into LHA and AAV1-DIO-eYFP into VTA of VGIuT2::Cre or TH::Cre mice.

(I-K) Recordings of VTA-VGIUT2 (green) and VTA-TH (purple) neurons in response to VTA photostimulation.

(I) Voltage clamp trace of a VTA-VGIUT2 neuron and a VTA-TH neuron after VTA photostimulation (blue rectangle).

(J) EPSCs amplitude in VGIUT2 or TH neurons is not significantly different (t test, o) = 0.9915, p = 0.33; data represent mean = SEM).

(K) Number of photostimulation responding VTA-VGIuT2 (15 out of 23; 4 mice) and VTA-TH (7 out of 19; 3 mice) neurons.

See also Figures S6 and S7 and Table S2.
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neurocircuitry underlying innate escape responses, crucial com-
ponents of the defensive repertoire, remains unclear. Whereas
previous studies have suggested that different types of VTA neu-
rons (dopamine, GABA, and glutamate) encode responses to aver-
sive or appetitive stimuli (Brischoux et al., 2009; Bromberg-Martin
et al., 2010; Lammel et al., 2014; Tan et al., 2012; de Jong et al.,
2019; Nieh et al., 2016; Wang et al., 2015b; Root et al., 2014b,
2018; Qi et al., 2016), we now demonstrated an unanticipated
role of VTA-glutamate neurons in signaling the presence of both
a predator odor and the attack of a predator. In addition, we
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Figure 5. VTA Photostimulation or Photoinhibi-
tion of LHA-VGIUuT2 Fibers Modulates Innate
Escape Responses

(A) Runs induced by a looming stimulus during VTA
photostimulation or photoinhibition of LHA-VGIUT2 fi-
bers, in absence of shelter. Looming increases runs in
all tested mouse groups (left), but laser activation
further increased runs in ChR2-eYFP mice, and laser
inactivation decreased runs in Halo-eYFP mice (right;
eYFP, n = 10; ChR2-eYFP, n = 10; Halo-eYFP, n = 8;
group X experimental phase X time: F 5 = 18.40,
p < 0.001, ANOVA with Newman-Keuls post hoc test;
data represent mean + SEM). *p < 0.05, **p < 0.01, and
**p < 0.001 against the first 3 min of the experiment,
for each group; +p < 0.05 and +++p < 0.001 against the
same period in the pretest phase.

(B) Runs induced by a looming stimulus during VTA
photostimulation or photoinhibition of LHA-VGIUT2 fi-
bers in the presence of shelter. In the absence of laser
activation, mice from all groups hided in the shelter and
looming did not induce runs (left). Laser activation
induced runs in ChR2-eYFP mice (right; eYFP, n = 10;
ChR2-eYFP, n = 10; Halo-eYFP, n = 8; group X
experimental phase x time: F 25y = 14.55, p < 0.001,
ANOVA with Newman-Keuls post hoc test; data
represent mean + SEM). **p < 0.001 against the first
3 min of the experiment for each group; +++p < 0.001
against the same period in the pretest phase.

(C) Total time immobile during forced swim test before
and during VTA photostimulation or photoinhibition of
LHA-VGIUT2 fibers (eYFP, n = 9; ChR2-eYFP, n = 9;
Halo-eYFP, n = 11; group X experimental phase:
Fo26) = 4.25, p < 0.05, ANOVA with Newman-Keuls
post hoc test; data represent mean + SEM). *p < 0.05
against eYFP; +p < 0.05 against laser off.

(D) Escape latency from lemon or TMT odor (eYFP
lemon, n = 13; ChR2-eYFP lemon, n = 14; eYFP TMT,
n = 6; Halo-eYFP TMT, n = 9; group: Fiz3g = 3.17, p =
0.05, ANOVA with Newman-Keuls post hoc test; data
represent mean + SEM). *p < 0.05 against corre-
sponding eYFP group; +p < 0.05 between eYFP
groups.

See also Figures S6, S8, and S9 and Table S3.
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demonstrated that VTA-glutamate neurons
=) play a role in innate escape responses by
showing that either genetic ablation or chemo-
genetic inhibition of VTA-glutamate neurons is
sufficient to disrupt innate escape responses.
Moreover, we demonstrated that VTA-gluta-
mate neurons receive a major excitatory input
from LHA-glutamate neurons, input that, by
releasing glutamate in VTA, induces innate escape responses,
but not innate hiding responses. Although prior studies have
shown that LH-GABA (Barbano et al., 2016; Nieh et al., 2015)
and LH-glutamate (de Jong et al., 2019; Nieh et al., 2016) inputs
to VTA play a role in different aspects of motivated behavior, we
demonstrated here that a specific role for VTA-projecting subset
of LHA-glutamate neurons is to support innate defensive behavior.

We detected increases in VTA-glutamate neuronal activity in
response to innate threatening stimuli (a predator odor or attack
of a predator) and found that escape responses to these stimuli

Lemon or
T™T



Please cite this article in press as: Barbano et al., VTA Glutamatergic Neurons Mediate Innate Defensive Behaviors, Neuron (2020), https://doi.org/
10.1016/j.neuron.2020.04.024

Neuron ¢ CellPress

HSV-LS1L- B
Photometry GCaMPés
fiber

-1.34 mm -1.82 mm

VGIluT2::Cre mice
. Looming
D E <@ll»—— Looming onset F onset

Looming
stimulus
onset

GCaMP6 mouse

Baseline Onset

Trials
<~

2.5 z-scores

Z-score

25s

Normalized
dF/F
o A~ ©

G I % % %
1500
Lemon odor
C
E?S 1000 4 san A
50% ke +
[&]
or =)
2 <
TMT odor g 500 - :
cC N /4
B & /
50% °S
g ; . ¢
Lemon odor TMT odor )

L] Ll L] 1
Baseline QG% Baseline QgE:

Figure 6. LHA-VGIuT2 Neurons Projecting to VTA Are Activated by Innate Threats

(A) VTA injection of retrograde virus HSV-LS1L-GCaMP6s and LHA photometry fiber.

(B) VTA retrograde LHA-VGIUT2 neurons expressing GCamP6s-GFP below photometry fiber.

(C) LHA photometry fiber placements.

(D) Schematic representation of the looming stimulus.

(E) Whole session recording of LHA-VGIUT2 neurons projecting to VTA showing time of looming stimulus onset (top), heatmap of Ca®* activity over successive
looming trials (middle), and cell population responses to looming stimulus onset showing increases in Ca®* activity in LHA-VGIUT2 neurons projecting to VTA
(bottom).

(F) Population Ca?* activity (+SEM) in LHA-VGIUT2 neurons, projecting to VTA, during looming stimulus onset. Inset: AUC for Ca®* activity in LHA-VGIUT2 neurons,
projecting to VTA, before (-5 to 0 s, baseline) and after (0-5 s, onset) onset of the looming stimulus is shown (n = 7; t test; f(112 = 10.94, **p < 0.001; data represent
mean + SEM).

(G) Schematic representation of odor test.

(H) Population Ca®* activity (+SEM) in LHA-VGIUT2 neurons, projecting to VTA, in response to lemon (left) or TMT (right) odor.

(1) AUC for Ca®* activity in LHA-VGIUT2 neurons, projecting to VTA, in response to lemon or TMT odor (n = 9; odor x epoch: F1,342=17.25, p <0.001, ANOVA with
Bonferroni post hoc test; **p < 0.001; data represent mean + SEM).

See also Figure S10.
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are decreased by the genetic ablation or chemogenetic inhibition
of VTA-glutamate neurons. Based on these findings, we
conclude that VTA-glutamate neurons play a role in encoding
innate defensive escape responses. In contrast, we found that
genetic ablation of VTA-GABA neurons did not modify the innate
escape responses to predator odor or a looming stimulus. How-
ever, a recent study has shown that VTA-GABA neurons play a
role in looming-evoked flight-to-nest behavior, regulated by glu-
tamatergic inputs from the superior colliculus to VTA-GABA neu-
rons (Zhou et al., 2019). Thus, it seems that VTA-GABA neurons
mediate safety by promoting hiding behavior, although VTA-
glutamate neurons mediate safety by promoting escape. These
findings on VTA-glutamate and VTA-GABA neurons together
with recent studies showing that VTA-dopamine neurons are
activated by predator odor (Moriya et al., 2018) indicate that
diverse types of VTA neurons participate in different aspects of
innate fear responses.

We provide synaptic ultrastructural evidence demonstrating
that axon terminals from LHA-glutamate neurons establish mul-
tiple asymmetric synapses on both cell bodies and dendrites of
VTA-glutamate neurons and, by electrophysiological analysis,
determined that VTA-glutamate neurons fire in response to
monosynaptic release of glutamate from presynaptic LHA-gluta-
mate inputs. Given that LHA-glutamate projections provide mul-
tiple synaptic sites for the release of glutamate along the cell
bodies and dendrites of VTA-glutamate neurons, it is likely
that, during in vivo conditions, the LHA-glutamate neurons exert
a stronger excitatory regulation on VTA-VGIUT2 neurons than on
VTA-dopamine neurons, where the number of synaptic sites by
LHA-glutamate neurons is lower and restricted to dendrites.

LH excitatory projections promote active avoidance, aversion,
and escape from a looming stimulus by releasing glutamate in
the lateral habenula (Lecca et al., 2017; Stamatakis et al.,
2016) or the VTA (de Jong et al., 2019; Nieh et al., 2016) and pro-
mote escape responses by releasing glutamate in the periaque-
ductal gray (Li et al., 2018). We now present converging evidence
indicating that LHA provides a major glutamate input to VTA-
glutamate neurons and that VTA activation of LHA-glutamate in-
puts promotes escape responses in mice facing threatening sit-
uations. In contrast, VTA photoinhibition of LHA-glutamate in-
puts decreases escape responses in mice confronted with
forced swimming, predator odor, or a looming stimulus
mimicking an approaching aerial predator. Furthermore, by
Ca?* recording, we demonstrated that LHA-glutamate neurons
that project to VTA signal threatening stimuli.

Recent circuit-based behavioral studies have established the
role of LH glutamatergic inputs to VTA in place avoidance and
aversion (de Jong et al., 2019; Nieh et al., 2016). Findings from
this previous work have shown that inputs from LH-glutamate
neurons synapsing on VTA-GABA neurons mediate place avoid-
ance (Nieh et al., 2016). Given that, in this study, place avoidance
was accompanied by a decrease in dopamine release within the
nAcc, it has been concluded that place avoidance is mediated
by LH-glutamate neurons synapsing on VTA-GABA interneurons
and proposed that GABA release from these interneurons resulted
in the inhibition of VTA-dopamine neurons innervating the nAcc
(Nieh et al., 2016). Although we did not investigate the role in aver-
sion by LHA-glutamate inputs on VTA-GABA neurons, we found

12 Neuron 707, 1-15, July 22, 2020

Neuron

that optogenetic VTA stimulation of LHA-glutamate fibers results
in c-Fos expression in ten VTA-glutamate neurons for each VTA-
GABA neuron. Thus, the reported nAcc decrease in dopamine
following VTA photoactivation of LHA-glutamate inputs may
involve a selective subset of VTA-GABA neurons synapsing on
mesoaccumbens dopamine neurons. In support to the heteroge-
neity among VTA-GABA neurons, the VTA-GABA neurons that
participate in looming-evoked flight-to-nest behavior receive glu-
tamatergic inputs from superior colliculus and project to the cen-
tral amygdala (Zhou et al., 2019). Regarding VTA-dopamine neu-
rons, a recent study has shown that both unexpected aversive
outcomes and cues that predict them induced dopamine release
and calcium responses in the ventromedial nAcc shell (de Jong
et al., 2019). Moreover, it has been proposed that the increase
of dopamine is mediated by LH-glutamate inputs synapsing on
VTA-dopamine neurons that project to ventral nAcc medial shell
(de Jong et al., 2019). These previous findings suggesting mono-
synaptic excitatory synapses between glutamatergic inputs from
LH and both VTA-GABA (Nieh et al., 2016) and VTA-dopamine
(de Jong et al., 2019) neurons, together with the demonstration
that LHA-glutamate neurons establish multiple excitatory synap-
ses on VTA-glutamate neurons, underlie the complexity of the
neuronal circuitry between the LHA-glutamate neurons and the
diverse phenotypes of postsynaptic VTA neurons. In addition to
the involvement of LHA-glutamatergic inputs to VTA in escape
behavior, LH-glutamatergic inputs to the lateral habenula or the
periaqueductal gray have been involved in innate escape behavior
(Lecca et al., 2017; Li et al., 2018), highlighting the crucial role of
LHA-glutamate neurons in defensive responses. Given that
escaping from imminent danger is critical for survival and requires
the integration of complex information from the environment, a
complex neuronal circuitry is expected to mediate specific as-
pects of escape behavior.

Although here we demonstrate a role of VTA-VGIuT2 neurons
in innate defensive behavior, we have earlier shown that a subset
of VTA-VGIuUT2 neurons participate in aversion, place avoidance,
or place preference (Dobi et al., 2010; Wang et al., 2015b; Root
et al., 2014b; Qi et al., 2016). By single-cell recordings, we have
previously demonstrated that VTA-VGIUT2 neurons increase
their neuronal activity in response to an aversive stimulus, but
subpopulations of VTA-VGIUT2 neurons are differentially
affected by sucrose reward (Root et al., 2018). Here, by calcium
imaging, we detected increases of VTA-VGIUT2 neuronal activity
in response to an aversive stimulus (tail lift). In contrast, we did
not detect significant changes in calcium activity by rewarding
food, which may be explained by the lack of resolution in bulk
calcium recording. At the level of circuitry, we have demon-
strated that VTA-VGIuUT2 neurons play a role in place preference
by establishing monosynaptic excitatory synapses on neigh-
boring mesoaccumbens dopamine neurons (Dobi et al., 2010;
Wang et al., 2015b). In contrast, we found that VTA-VGIUT2 neu-
rons mediate place avoidance by targeting glutamatergic neu-
rons in the lateral habenula (Root et al., 2014b) or parvalbumin
GABA interneurons in nAcc (Qi et al., 2016). Although it remains
to be determined the source of inputs to the subset of VTA-
VGIuT2 neurons mediating reward or aversion, studies by the
group of Tye have shown that glutamate release from LH inputs
into VTA drives aversion (Nieh et al., 2016). Within this context,



10.1016/j.neuron.2020.04.024

Please cite this article in press as: Barbano et al., VTA Glutamatergic Neurons Mediate Innate Defensive Behaviors, Neuron (2020), https://doi.org/

Neuron

future studies are necessary to determine the extent to which
different or overlapping subtypes of LHA-glutamate neurons
regulate VTA-VGIUT2 neurons participating in aversion or innate
defensive behavior.

In conclusion, we uncovered a role for VTA-glutamate neu-
rons in the modulation of innate defensive behaviors and pro-
pose that relevant information on how to cope with threatening
situations is conveyed to VTA-glutamate neurons by LHA-
glutamate neurons. These findings may be relevant for neuro-
psychiatric disorders, such as autism spectrum disorder
(ASD), where inability to differentiate threat from safe cues
has been demonstrated (Top et al., 2016). Additionally, patients
suffering from ASD show impairment in detecting social che-
mosignals, like the smell of fear (Endevelt-Shapira et al.,
2018). Given that VTA-glutamate neurons have been implicated
in sociability deficits associated with alterations in the ASD-
related gene, Ube3a (Krishnan et al., 2017), we speculate that
VTA-glutamate neurons may be part of a circuitry encoding
innate defensive behaviors that, when dysregulated, may lead
to disease states.
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Bacterial and Virus Strains

PAAV-FLEX-taCasp3-TEVp
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pAAV-hSyn-DIO-hM4D(Gi)-mCherry
PAAV-hSyn-DIO-mCherry
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hEF1a-LS1L-GCaMP6s MGH Gene Delivery Technology Core Cat# RN507

Chemicals, Peptides, and Recombinant Proteins

Fluoro-Gold Fluorochrome Patent No. 4,716,905

TMT BioSRQ Cat# 1G-TMT-90

Lemon oil Sigma-Aldrich Cat# W262528-1KG-K

CNO Sigma-Aldrich Cat# C0832-5MG

JHU37160 Hello Bio Cat# HB6261

Critical Commercial Assays

HQ Silver kit Nanoprobes Cat# 2012

VECTASTAIN ABC-peroxidase kit Vector Laboratories Cat# PK-4000; RRID: AB_2336818
Durcupan ACM epoxy resin kit Electron Microscopy Sciences Cat# 14040

Experimental Models: Organisms/Strains

Mouse: C57BL/6J

The Jackson Laboratory

Cat# JAX:000664; RRID:
IMSR_JAX:000664

Mouse: Slc17a6™m2Crekowl;j (VGluT2- The Jackson Laboratory Cat# JAX:016963
ires-Cre)

Mouse: Slc32a1im2Crotovl/y (yGaT- The Jackson Laboratory Cat# JAX:016962
ires-Cre)

Mouse: Th'™€r97¢/] (TH-ires-Cre) International Mouse Strain Resource MGI:3056580
Oligonucleotides

RNAscope probe Mm-Sic17a6 Advanced Cell Diagnostics Cati# 319171

RNAscope probe Mm-Sic32a1

Advanced Cell Diagnostics

Cat# 319191-C3

Software and Algorithms

ANY-maze video tracking system

GraphPad Prism 8.0

Adobe Photoshop

Adobe lllustrator

Statistica 12.0

pClamp 10.3

OriginPro 2017

MATLAB

Stoelting

GraphPad Software

Adobe Systems

Adobe Systems

StatSoft

Molecular Devices

OriginLab

Mathworks

RRID: SCR_014289; https://www.
anymaze.co.uk/index.htm

RRID: SCR_002798; https://www.
graphpad.com/scientific-software/prism/
RRID: SCR_014199; https://www.adobe.
com/products/photoshop.html

RRID: SCR_010279; https://www.adobe.
com/products/illustrator.html

RRID: SCR_014213; https://www.statsoft.
de/en/statistica/statistica-software
RRID: SCR_011323; https://www.
moleculardevices.com/products/axon-
patch-clamp-system/acquisition-and-
analysis-software/pclamp-software-
suite#gref

RRID: SCR_014212; https://www.
originlab.com/

RRID: SCR_001622; https://www.
mathworks.com/products/matlab.html

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Mar-
isela Morales (VIMORALES®@intra.nida.nih.gov).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
All data generated and codes created during the current study are available from the lead author upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Male wild-type C57BL/6J mice (n = 4) were used in anatomical FG studies. Male and female (n for each sex detailed for each specific
assay) VGIUT2::IRES::Cre mice (Slc17a6™m2€r®towlyy in C57BL/6J background from The Jackson Laboratories, Bar Harbor, ME),
VGaT::Cre mice (Slc32a1tm2€r®tovlyy in C57BL/6J background from The Jackson Laboratories, Bar Harbor, ME), or TH::Cre mice
(Thi™1ere)Tey in C57BL/6J background from The Jackson Laboratories, Bar Harbor, ME) were bred in the NIDA/IRP animal facility
and were used in behavioral, electrophysiological and electron microscopy experiments. Groups of 2-5 mice (weighing 20-30 g at the
start of experiments) were housed in an animal vivarium maintained on a direct 12-h light-dark cycle (lights on at 7:00 am) and at a
constant temperature of 23°C. Animals were kept undisturbed at least one week before the start of any experimental procedure and
were handled and weighed daily to minimize handling stress during experiments. Food and water were provided ad libitum except
during experimental sessions, unless otherwise stated. Littermates of the same sex were randomly assigned to experimental groups.
All testing occurred during the light part of the mice light-dark cycle. Animal care and use were in strict accordance with institutional
and international standards and were approved by the National Institute on Drug Abuse Animal Care and Use Committee. All the ex-
periments were performed during the light phase of the diurnal cycle.

METHOD DETAILS
The coordinates used for all the stereotaxic surgeries were calculated based on Paxinos and Franklin, 2001.

Surgeries for anatomical studies

Each mouse was anesthetized with isofluorane (4%-5% for induction, 1%-2% for maintenance), placed in a stereotaxic frame and its
skull was exposed and leveled. The retrograde tracer Fluoro-Gold (FG; 1% in cacodylate buffer, pH 7.5, Fluorochrome, Denver, CO)
was delivered unilaterally into the VTA (AP = —3.3, ML = +0.2, DV = —4.3). FG was delivered iontophoretically through a glass micro-
pipette (20 mm) by applying 1 pA current in 7 s pulses at 14 s intervals for 10 min. The micropipette was left in place for an additional
10 min to prevent backflow. One week following the FG injection, mice were anesthetized and perfused transcardially with fixative
solution (4% paraformaldehyde, PFA) for in situ hybridization-immunohistochemistry.

Surgeries for EM or electrophysiology

Each mouse was anesthetized with isofluorane (4%-5% for induction, 1%—-2% for maintenance), placed in a stereotaxic frame and its
skull was exposed and leveled. Cre-inducible adeno-associated virus (AAV, serotype 1) coding for the light-sensitive protein chan-
nelrhodopsin-2 (ChR2) tethered to mCherry, or the enhanced yellow fluorescent protein (€YFP) under control of the EF1a. promoter,
were employed (NIDA IRP Optogenetics and Transgenic Technology Core, Baltimore, MD). Briefly, 300 nL of AAV1-EF1a-DIO-
hChR2(H134R)-mCherry was bilaterally injected into the LHA of VGIuT2-Ires-Cre mice (VGIuT2-ChR2-mCherry-eYFP mice) at AP:
—1.3, ML: £ 1.0, DV: —5.2. Additional 200 nL of AAV1-EF14-DIO-eYFP was injected unilaterally into the VTA (AP: —3.4, ML: +0.3,
DV: —4.4). Injections were done with a flow rate of 100 nl/min, using a UltraMicroPump with Micro 4 controller, 10 ul Nanofil syringes
and 35 g needles (WPI Inc.). The needle was left in place for additional 3 min to prevent reflux. At least 8 weeks after viral injections,
mice were anesthetized, and their brains were harvested for electron microscopy or electrophysiology processing (see below).

Surgeries for behavioral studies

Each mouse was anesthetized with isofluorane (4%-5% for induction, 1%—-2% for maintenance), placed in a stereotaxic frame and its
skull was exposed and leveled. AAV1-EF1a-DIO-hChR2(H134R)-eYFP (ChR2-eYFP mice), AAV1-EF1a-DIO-eYFP (eYFP mice) or
AAV1- EF1a-DIO-eNpHR3.0-eYFP (Halo-eYFP mice) were bilaterally injected into the LHA, as previously described. In a subset of
animals, 200 nL of AAV8-hSyn-DIO-hM4D(Gi)-mCherry or AAV8-hSyn-DIO-mCherry virus (Addgene, Cambridge, MA) was also in-
jected into the VTA (AP: —3.4, ML: + 0, DV: —4.4). Additional cohorts of VGIuT2::Cre or VGaT::Cre mice were injected with 200 nL
of AAV1-EF1a-Flex-taCasp3-TEVp or the control vector AAV1-EF1a-DIO-DsRed (NIDA IRP Optogenetics and Transgenic Technol-
ogy Core) into the VTA. For the calcium imaging experiments, mice were injected with 200 nL of either the Cre-dependent retrograde
herpes simplex virus HSV-hEF1a-LS1L-GCaMP6s (MGH Gene Delivery Technology Core, Boston, MA) or AAV1-Syn-Flex-
GCaMP6s-WPRE-SV40 (Addgene) into the VTA. At least 8 weeks after viral injections, mice received intracranial optical fibers
and, in pharmacology experiments, a guide cannula for VTA microinjections. For VTA photostimulation of LHA-VGIUT2 fibers,
mice were implanted with unilateral chronic optic fibers (200 um diameter, BFL37-200, Thorlabs, Newton, NJ) directed just dorsal
to right VTA (AP: —3.4, ML: —0.3, DV: —4.3). For VTA photoinhibition of LHA-VGIUT2 fibers, mice were implanted with bilateral chronic
optic fibers. For microinjection studies, a guide cannula (22 gauge, PlasticsOne, Roanoke, VA) and an optic fiber were each lowered
at a 10° angle toward the right VTA (optic fiber: AP: —3.4, ML: +0.5, DV: —4.3; cannula: AP: —3.4, ML: +1.1, DV: —4.4). For calcium
imaging studies, a 400 um core optic fiber (photometry fiber, 0.48 NA) embedded in a 2.5 mm ferrule (Doric Lenses, Canada), was
implanted dorsal to the right VTA (AP: —3.2, ML: —0.3, DV: —4.1) or the right LHA (AP: —1.3, ML: —1.0, DV: —5.0). One or two stainless-
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steel screws and dental acrylic cement were used to anchor the optic fiber and cannula to the skull. A cap and dummy cannula were
used to prevent cannula blockade. In all surgical procedures, animals were given the analgesic meloxicam (2 mg/kg) to prevent
post-surgical pain or discomfort and were allowed at least 10 days of recovery before the beginning of any experimental manipula-
tion. Body weight was measured daily after surgery to ensure proper recovery.

Histological verification

After behavioral testing, all mice were deeply anesthetized and brain tissue forimmunodetection of eYFP or mCherry was processed
as follows: free-floating coronal sections (30 um) were incubated for 1 h in PB supplemented with 4% BSA and 0.3% Triton X-100.
Sections were then incubated with primary antibody: mouse anti-GFP antibody (1:500, 632381, Takara, Mountain View, CA) or
mouse anti-mCherry antibody (1:500, 632543, Takara), overnight at 4°C. After rinsing 3 x 10 min in PB and incubation in biotinylated
goat anti-mouse antibody (1:200, Vector Laboratories) at 2 h at room temperature (RT), the sections were rinsed with PB and incu-
bated for 1 h at room temperature in avidin-biotinylated horseradish peroxidase (1:200, ABC kit, Vector Laboratories). Sections were
rinsed, and the peroxidase reaction was developed with 0.05% 3,3'-diaminobenzidine (DAB) and 0.03% H,0,. Sections were
mounted on coated slides. Bright field images were collected with an Olympus MVX10 with 0.63 X objective (Olympus, Waltham,
MA). For double fluorescence immunodetection of mCherry or eYFP and tyrosine hydroxylase (TH), free-floating coronal sections
were incubated with cocktails of primary antibodies: sheep anti-TH antibody (1:1000, AB1542, Millipore, Billerica, MA) + mouse
anti-GFP or mouse anti-mCherry primary antibody, overnight at 4°C. After rinsing 3 x 10 min in PB, sections were incubated in a
cocktail of the corresponding fluorescence secondary antibodies (1:100, Alexa Fluor-488 or Alexa Fluor-594, Jackson Immunore-
search Laboratories, West Grove, PA) for 2 h at room temperature. After rinsing, the sections were mounted on slides. Fluorescent
images were collected with an Olympus FV1000 Confocal System (Olympus). Images were taken sequentially with different lasers
with 10 x (for low magnification) or 40 x (for high magnification) objectives.

In situ hybridization (ISH)

Retrograde tracing and ISH

LHA coronal free-floating sections (16 um thickness) were incubated for 2 h at 30°C with rabbit anti-FG antibody (1:200, AB153I, Milli-
pore, Burlington, MA) in DEPC-treated phosphate buffer (PB) with 0.5% Triton X-100 supplemented with RNasin (Promega, Madison,
WI). Sections were rinsed 3 x 10 min with DEPC-treated PB and incubated in biotinylated goat anti-rabbit antibody (1:200, Vector
Laboratories, Burlingame, CA) for 1 h at 30°C. Sections were rinsed with DEPC-treated PB and then transferred to 4% PFA. Sections
were rinsed with DEPC-treated PB, incubated for 10 min in PB containing 0.5% Triton X-100, rinsed with PB, treated with 0.2 N HCI
for 10 min, rinsed with PB and then acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, for 10 min. Sections were
rinsed with PB, and postfixed with 4% PFA for 10 min. Before hybridization, and after a final rinse with PB, the sections were incu-
bated in hybridization buffer for 2 h at 55°C (50% formamide, 10% dextran sulfate, 5 x Denhardt’s solution, 0.62 M NaCl, 50 mM DTT,
10 mM EDTA, 20 mM PIPES, pH 6.8, 0.2% SDS, 250 mg/ml salmon sperm DNA, 250 g/ml tRNA). Sections were hybridized for 16 h at
55°C in hybridization buffer containing [*°S]- and [>®P]-labeled single-stranded antisense VGIUT2 (nucleotides 317-2357; GenBank:
NM-053427) probes at 10” cpm/ml. Sections were treated with 4 mg/ml RNase A at 37°C for 1 h and washed with 1 x saline-sodium
citrate, 50% formamide at 55°C for 1 h and with 0.1 X saline-sodium citrate at 68°C for 1 h. Then, sections were rinsed with PB and
incubated for 1 h at room temperature in avidin-biotinylated horseradish peroxidase (1:100, ABC kit, Vector Laboratories). Sections
were rinsed, and the peroxidase reaction was developed with 0.05% 3,30-diaminobenzidine (DAB) and 0.03% H,0O,. Sections were
mounted on coated slides. Sections were then photographed under bright-field illumination for FG staining. Slides were dipped in
lIford K.5 nuclear tract emulsion (1:1 dilution in double-distilled water, Polysciences, Warrington, PA) and exposed in the dark at
4°C for 4 weeks before development. Images were taken with bright-field or epiluminescence microscopy using an Olympus
BX51 microscope. Neurons were observed within each traced region at x 20 objective lenses and marked electronically.

c-Fos immunolabeling and ISH

Midbrain coronal free-floating sections (16 pm) were incubated for 10 min in PB containing 0.5% Triton X-100, rinsed three times
(10 min each time) with PB, treated with 0.2 N HCI for 10 min, rinsed three times (10 min each time) with PB, and then acetylated
in 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, for 10 min. Sections were rinsed three times (10 min each time) with
PB and post-fixed with 4% PFA for 10 min. Before hybridization and after a final rinse with PB, the sections were incubated in hy-
bridization buffer (50% formamide, 10% dextran sulfate, 5 x Denhardt’s solution, 0.62 M NaCl, 50 mM DTT, 10 mM EDTA,
20 mM PIPES, pH 6.8, 0.2% SDS, 250 pg/ml salmon sperm DNA, 250 pug/ml tRNA) for 2 h at 55°C. Sections were hybridized for
16 h at 55°C in hybridization buffer containing [*®S]- and [*®P]-labeled single-stranded antisense rat VGIuT2 probes at 107 cpm/
mL together with the single-stranded rat digoxigenin (DIG)-labeled antisense probe for mouse GABA vesicular transporter (VGaT,
nucleotides 1-2814, GenBank: BC_052020). Sections were treated with 4 ng/ml RNase A at 37°C for 1 h, washed with 1 x SSC,
50% formamide at 55°C for 1 h, and the washed with 0.1 x SSC at 68°C for 1 h. After the last SSC wash, to develop DIG signal,
sections were incubated with an alkaline phosphatase-conjugated antibody against DIG (Roche Applied Science; Indianapolis,
IN) for 3 h at RT; alkaline phosphatase reaction was developed with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
(Life Technologies; Gaithersburg, MD), yielding a purple reaction product. Sections were then photographed under bright-field illu-
mination. All sections were rinsed with PB and incubated for 1 h in PB supplemented with 4% BSA and 0.3% Triton X-100. This was
followed by overnight incubation at 4°C with a rabbit anti-c-Fos (1:300, Santa Cruz Biotechnology, SC-52). After being rinsed three
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times for 10 min each time in PB, sections were processed with an ABC kit (Vector Laboratories). The material was incubated for 2 h at
room temperature in a 1:200 dilution of the biotinylated secondary antibody, rinsed with PB, and incubated with avidin-biotinylated
horseradish peroxidase for 1 h. Sections were rinsed, and the peroxidase reaction was then developed with 0.05% 3,3-diaminoben-
zidine-4 HCl and 0.03% hydrogen peroxide (H2O,). The sections were mounted on coated slides. Sections were then photographed
under bright-field illumination for c-Fos staining. Slides were dipped in liford K.5 nuclear tract emulsion (Polysciences; 1:1 dilution in
double-distilled water) and exposed in the dark at 4°C for 4 weeks before development. Sections were viewed, analyzed, and photo-
graphed with bright-field or epiluminescence microscopy using an Olympus BX51 microscope. Neurons were observed within each
VTA region at high power (20 x objective lenses) and marked electronically.

RNAscope

The remaining in situ hybridization experiments detected transcripts encoding VGIuT2, VGaT or TH mRNA and immunodetection of
TH (1:1000, MAB318, Millipore, Burlington, MA) or GFP (1:500, 632381, Takara Bio USA, Inc. Mountain View, CA) using RNAscope
combined with immunolabeling. Coronal free-floating sections (VTA, 16 um) were processed for immunolabelling as described
above, and incubated with secondary Donkey anti-Mouse Alexa Fluor 488 or Donkey anti-Mouse Alexa Fluor 594 (1:100, 715-
545-151 or 715-585-151, Jackson ImmunoResearch, West Grove, PA) for 1 h at 30°C. Sections were rinsed with DEPC-treated
PB and then were mounted onto Fisher SuperFrost slides and dried overnight at 60°C. RNAscope in situ hybridization was performed
according to the manufacturer’s instructions. Briefly, sections were treated with heat and protease digestion followed by hybridiza-
tion with a mixture containing target probes to mouse VGIuT2 (319171, Advanced Cell Diagnostics, Newark, CA), VGaT (319191-C3,
Advanced Cell Diagnostics, Newark, CA), or TH (317621-C2, Advanced Cell Diagnostics, Newark, CA). Additional sections were hy-
bridized with the bacterial gene DapB as a negative control, which did not exhibit fluorescent labeling. VGIuT2 and VGaT were de-
tected by either Atto 550 or Alexa 488. Some sections were also labeled with DAPI (320850, Advanced Cell Diagnostics, Newark, CA).
RNAscope in situ hybridization sections were viewed, analyzed, and photographed with an Olympus FV1000 confocal microscope or
a Keyence BZ-X800 microscope. Negative control hybridizations showed negligible fluorophore expression. Neurons were counted
when the stained cell was at least 5 um in diameter. Pictures were adjusted to match contrast and brightness by using Adobe Photo-
shop (Adobe Systems). The number of mice (n = 3/group; 3 sections/mouse) analyzed was based on previous studies in our lab using
radioactive detection of VGIuT2 mRNA from rat VTA neurons (Yamaguchi et al., 2011).

Electron and confocal microscopy

Electron microscopy

Vibratome tissue sections were rinsed and incubated with 1% sodium borohydride to inactivate free aldehyde groups, rinsed and
then incubated with blocking solution. Sections were then incubated with primary antibodies [mouse anti-mCherry (1:1,000, Ta-
kara, #632543), guinea pig anti-VGIuT2 (1:500, Frontier Institute, VGIuT2-GP-Af810) and rabbit anti-GFP (1:2000, Frontier Institute,
GFP-Rb-Af2020)]; or primary antibodies [mouse anti-mCherry (1:1,000, Takara, #632543), guinea pig anti-VGIuT2 (1:500, Frontier
Institute, VGIuT2-GP-Af810) and rabbit anti-TH (1:1000, Millipore Sigma, AB152)]. All primary antibodies were diluted with 1%
normal goat serum (NGS), 4% BSA in PB supplemented with 0.02% saponin and incubations were for 24 h at 4°C. Sections
were rinsed and incubated overnight at 4°C in the corresponding secondary antibodies. Sections were rinsed in PB, and then
in double-distilled water, followed by silver enhancement of the gold particles with the Nanoprobe Silver Kit (2012, Nanoprobes)
for 7 min at room temperature. Next, sections were incubated in avidin-biotinylated horseradish peroxidase complex in PB for 2 h
at room temperature and washed. Peroxidase activity was detected with 0.025% 3,3'-diaminobenzidine (DAB) and 0.003% H,0,
in PB for 5-10 min. Sections were rinsed with PB and fixed with 0.5% osmium tetroxide in PB for 25 min, washed in PB, followed
by double distilled water, and then contrasted in freshly prepared 1% uranyl acetate for 35 min. Sections were dehydrated through
a series of graded alcohols and with propylene oxide. Afterward, they were flat embedded in Durcupan ACM epoxy resin (14040,
Electron Microscopy Sciences). Resin-embedded sections were polymerized at 60°C for 2 days. Sections of 60 nm were cut from
the outer surface of the tissue with an ultramicrotome UC7 (Leica Microsystems) using a diamond knife (Diatome). The sections
were collected on formvar-coated single slot grids and counterstained with Reynolds lead citrate. Sections were examined and
photographed using a Tecnai G2 12 transmission electron microscope (Fei Company) equipped with the OneView digital micro-
graph camera (Gatan).

Ultrastructural analysis

Serial ultrathin sections of the VTA (bregma —2.92 mm to —3.64 mm) from 3 male VGIuT2-ChR2-mCherry-eYFP mice were analyzed.
Synaptic contacts were classified according to their morphology and immunolabel and photographed at a magnification of 6,800-
13,000 x. The morphological criteria used for identification and classification of cellular components or type of synapse observed
in these thin sections were as previously described (Peters et al., 1991). In the serial sections, a terminal containing greater than 5
immunogold particles was considered as immunopositive terminal. Pictures were adjusted to match contrast and brightness by us-
ing Adobe Photoshop (Adobe Systems Incorporated, Seattle, WA). This experiment was successfully repeated three times. Electron
microscopy and confocal analysis quantification were blinded.

Fluorescence microscopy

Free floating coronal sections (40 um) from VGIuT2-ChR2-mCherry-eYFP mice (n = 4) were incubated for 1 h in PB supplemented
with 4% BSA and 0.3% Triton X-100. Sections were then incubated with cocktails of primary antibodies: mouse anti-mCherry
(1:500) + guinea pig anti-VGIuT2 (1:500) + rabbit anti-GFP (1:2000) + sheep anti-TH (1:1000, Millipore Sigma, AB1542), overnight
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at 4°C. After rinsing 3 x 10 min in PB, sections were incubated in a cocktail of the corresponding fluorescence secondary antibodies:
DyLight-405-donkey anti-sheep + Alexa Fluor-488-donkey anti-rabbit + Alexa Fluor-594-donkey anti-mouse + Alexa Fluor-647-
donkey anti-guinea pig for 2 h at room temperature. After rinsing, sections were mounted on slides. Fluorescent images were
collected with an Olympus FV1000 Confocal System (Olympus). Images were taken sequentially with different lasers with 10 x
and 100 x oil immersion objectives and Z axis stacks were collected at 0.2 um. This experiment was successfully repeated
three times.

Electrophysiology

Eight weeks after virus injection, VGIuT2-Ires-Cre mice carrying AAV1-DIO-ChR2-mCherry in LHA and AAV1-DIO-eYFP in VTA (n =
11) were anesthetized with chloral hydrate (8 mg/kg) and perfused with ice-cold aCSF, saturated with 95% O, and 5% CO,, and
modified to contain (in mM): 92 NMDG, 20 HEPES, 25 glucose, 30 NaHCO3, 1.2 NaH,PQO,4, 2.5 KCI, 5 sodium ascorbate, 3 sodium
pyruvate, 2 thiourea, 10 MgSO, and 0.5 CaCl,. Brains were then removed quickly, placed in this same solution on a VT-1200 vibra-
tome (Leica, Nussloch, Germany), and sectioned through the VTA in horizontal slices (200 um thickness). The slices were placed in a
holding chamber filled with the same solution, but held at 32°C. After 15 min, slices were transferred to a holding chamber containing
room temperature aCSF modified to contain (in mM): 92 NaCl, 20 HEPES, 25 glucose, 30 NaHCO3, 1.2 NaH,PQO4, 2.5 KCI, 5 sodium
ascorbate, 3 sodium pyruvate, 2 thiourea, 1 MgSQ,, 2 CaCl,. For recordings, slices were transferred to a chamber superfused with
32°C aCSF modified to contain (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH,PO,4, 1 MgCl,, 2.4 CaCl,, 26 NaHCO3; and 11 glucose. Elec-
trodes (3-6MQ) were backfilled with an internal solution containing (in mM): 140 potassium gluconate, 2 NaCl, 1.5 MgCl,, 10 HEPES,
4 Mg-ATP, 0.3 Na,-GTP, 10 Naphosphocreatine, 0.1 EGTA and 0.2% biocytin (pH 7.2; 280-290 mOsm). Cells were visualized on an
upright microscope using infrared differential interference contrast video microscopy. Whole-cell voltage-clamp or current clamp re-
cordings were made using a MultiClamp 700B amplifier (2 kHz low-pass Bessel filter and 10 kHz digitization) with pClamp 10.3 soft-
ware (Molecular Devices, Sunnyvale, CA). VTA VGIuT2 neurons were identified by expression of eYFP. Neurons were voltage
clamped at —60 mV. Series resistance (10-30 MQ) was monitored with a 5 mV hyperpolarizing pulse (50 ms) given every 10 s,
and only recordings that remained stable over the period of data collection were used. A 200 um core optical fiber, coupled to a
diode-pumped solid-state laser, was positioned just above the slice and aimed at the recorded cell. Optically-evoked EPSCs
were obtained every 10 s with pulses of 473 nm wavelength light (8 mW, 5-10 ms). After evoking EPSC, bicuculline (10 uM) or
CNQX (10 uM) were added in the perfusion aCSF to block GABA A or AMPA receptors. The peak amplitude of EPSCs was measured
with the average of 30 consecutive traces.

Fiber photometry

For all recordings, GCaMP6s was excited at two wavelengths (490nm, calcium-dependent signal and 405 nm isosbestic control;
Lerner et al., 2015) by amplitude modulated signals from two light-emitting diodes reflected off dichroic mirrors and coupled into
the photometry fiber. Signals emitted from GCaMP6s and its isosbestic control channel then returned through the same optic fiber
and were acquired using a femtowatt photoreceiver (Model 2151; Newport; Irvine, CA), digitized at 1kHz, and then recorded by a real-
time signal processor (RZ5D; Tucker Davis Technologies, TDT, Alachua, FL) running the Synapse software suite (TDT). Analysis of the
resulting signal was then performed using custom-written MATLAB (Natick, MA) scripts. Changes in fluorescence across the exper-
imental session (AF/F) were calculated by smoothing signals from the isosbestic control channel (Lerner et al., 2015), scaling the iso-
sbestic control signal by regressing it on the smoothed GCaMP signal, and then generating a predicted 405nm signal using the linear
model generated during the regression. Calcium independent signals on the predicted 405nm channel were then subtracted from the
raw GCAMP signal to remove movement, photo-bleaching, and fiber bending artifacts. Signals from the GCaMP channel were then
scored to normalize changes in fluorescence across animals (normalized AF/F). Peri-event time-locked histograms were then
created by averaging changes in fluorescence (AF/F) across repeated trials during windows encompassing behavioral events of in-
terest. Video recordings synchronized with neuronal acquisition clocks were acquired using an RV2 video system at 20 Hz (TDT) or
using the Synapse webcam acquisition system at 20 Hz.

Behavioral studies

Laser photostimulation and photoinhibiton parameters

Photostimulation was administered with a frequency of 20 Hz, a pulse duration of 10 ms and an intensity of 8 mW. Photoinhibition was
continuously administered, with an intensity of 8 mW.

Looming and shelter tests

eYFP, ChR2-eYFP or Halo-eYFP mice (12 females, 16 males) were habituated for three days to an open field arena made of acrylic
with opaque walls and non-reflective base plate (40 x 40 x 35 cm; AnyBox, Stoelting, Wood Dale, IL) for 6 min, without being con-
nected to the fiber optic cable and laser. The experiment was then divided in a pretest and a test phases, conducted on different days,
and lasted 6 min. During the first 3 min of either pretest or test, VTA photostimulation or photoinhibition was off; during the last 3 min of
the pretest, VTA photostimulation or photoinhibition was also off but during the last 3 min of the test session, VTA photostimulation or
photoinhibition was on. A looming stimulus (a handle ending on a black circle, 16.5 cm of diameter) was mechanically descended
above (but without touching) the arena, twice per min during the last 3 min of either the pretest or the test. Total duration of the loom-
ing stimulus administration calculated for all the experiments was 1.14 + 0.03 s, with a range of 1-1.5 s. Testing time was divided in
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60 s trials and the average speed of the mice was calculated for the first 3 min (3 60 s trials) of either pretest or test (the phase without
looming stimulus presentation). A run was counted every time the mice showed an increase in the average speed above the value
calculated. The total number of runs was measured. For speed changes analyses, the second part of either pretest or test (4 to
6 min) was divided in 10 s trials and the exact moment the looming stimulus was above the arena was calculated and assigned to
its corresponding 10 s trial. The speed during that 10 s trial (stimulus trial, S), as well as the 10 s trials before (pre-stimulus trial,
Pre-S) and after (post-stimulus trial, Post-S) was calculated for each mouse.

The looming experiment was repeated with a cardboard shelter (8 x 10.5 x 11 cm) located in one of the corners, against the wall of
the arena. The total number of runs, as well as the time spent inside the shelter, was recorded. Half of eYFP mice received VTA photo-
stimulation and the other half received VTA photoinhibition. Given that the results were not significantly different, the data from all
eYFP mice were pooled together.

The looming test without shelter was carried out as described for mice in which VTA-VGIuT2 (5 females, 11 males) or VGaT (16
males) neurons have been destroyed by a cell ablation approach. Additional looming tests (8-10 trials) were conducted while
Ca?* activity was measured by in vivo photometry in the LHA (2 females, 5 males) or the VTA (4 females, 8 males) of VGIuT2::Cre
mice. Frame by frame timestamps were overlayed onto recorded video files by Avidemux v2.6 (Greenwood Village, CO). For the anal-
ysis of photometry data, the peak AF/F and area under the curve (AUC) for the baseline window were collected from —5 s to O s rela-
tive to the looming stimulus onset (when the disk was immediately above the arena). The same measures were collected for the onset
window (from O s to 5 s relative to the looming stimulus onset) and were used for statistical analysis.

Odor tests
The odors were diluted in propanediol (Sigma Aldrich, St. Louis, MO). All mice were habituated to the testing environment for three
days before any experimental manipulation.

During testing, mice in which VTA-VGIUT2 (5 females, 11 males) or VGaT (16 males) neurons have been destroyed by a cell ablation
approach were individually placed in achamber (20 x 18 x 35 cm) with a small (5 cm) exit area containing a glass culture dish (3.8 cm
diameter). A circular filter paper (15 mm diameter) containing 5 pl of 10% of the synthetic predator odor trimethylthiazoline (TMT,
SRQ-Bio, Sarasota, FL) was placed inside the culture dish and the latency to escape the chamber was measured.

For the photometry studies involving odor presentations, VGIuT2::Cre mice expressing GCaMP6s in either the LHA (4 females, 5
males) or the VTA (4 females, 8 males) were placed on a plastic cage (10 x 23 x 15 cm) enclosed in an operant chamber equipped
with an odor generator (Knosys Olfactometers Inc., Lutz, FL). Odors (lemon, Sigma-Aldrich, W262528-1KG-K or TMT, 10% in filtered
air) were pseudo-randomly presented (10 lemon trials and 10 TMT trials) for 5 s, with an inter-trial interval (ITl) of 15-20 min. During the
ITl, the air inside the chamber was replaced with filtered air and extracted by a build-in fan (Knosys Olfactometers Inc.). The exper-
imental plastic cage was thoroughly cleaned with ethanol 70% between trials. The normalized peak AF/F and AUC for the baseline
window were collected from —5 s to O s relative to the odor presentation. The same measures were collected for the odor window
(from 0 s to 5 s relative to the odor presentation) and were used for statistical analysis.

For chemogenetic inhibition of VTA-VGIUT2 neurons, mice (4 females, 21 males) expressing hM4D-mCherry in the VTA were intra-
peritoneally injected with vehicle (1% DMSO in saline) or CNO (3 mg/kg in vehicle) 30 min before testing, in a counterbalanced
sequence, after which TMT (10%) was presented. The latency to escape the chamber was measured. In a different set of chemo-
genetic inhibition experiments, VGIuT2::Cre mice expressing mCherry or hM4D-mCherry in the VTA (2 females, 10 males) were intra-
peritoneally injected with vehicle (saline) or JHU 37160 (J60, 0.1 mg/kg, Hello Bio, Princeton, NJ) 30 min before presentation of TMT,
in a counterbalanced sequence. The latency to escape the chamber was measured. A new cohort of VGIuT2::Cre mice expressing
hM4D-mCherry in the VTA (2 females, 4 males) received intra-VTA administration of J60 (200 nl, 0.1 pug/ul, in aCSF) as previously
described, 10 min before the presentation of a glass culture dish (3.8 cm diameter) containing walnut-based cat litter (Naturally Fresh,
Corning, CA). The clean cat litter was imbibed with either tap water or the urine of 2 domestic cats. The latency to escape the chamber
with the glass dish was measured.

In additional experiments, eYFP, ChR2-eYFP or Halo-eYFP mice (13 females, 11 males) were connected to the fiber optic cable
and laser, and individually placed in the chamber previously described. Five ul of 10% lemon oil or 10% TMT were presented and VTA
photostimulation (20 Hz) or photoinhibition (continuous light) were administered. The latency to escape the chamber was measured.

For chemogenetic inhibition of VTA-VGIUT2 neurons after optogenetic activation of LHA-VGIuT2 neurons, eYFP and ChR2-eYFP
mice (4 females, 21 males) were intraperitoneally injected with vehicle (1% DMSO in saline) or CNO (3 mg/kg in vehicle) 30 min before
testing, in a counterbalanced sequence. Only lemon odor was presented. VTA photostimulation (20 Hz) was administered and the
latency to escape the chamber was measured.

Forced swimming test

eYFP, ChR2-eYFP or Halo-eYFP mice (13 females, 11 males) were connected to the fiber optic cable and laser, and individually
placed in a glass beaker filled with 1 | warm tap water (37°C). The test lasted 4 min. During the first 2 min VTA photostimulation or
photoinhibition was off, during the last 2 min VTA photostimulation or photoinhibition was on. Total distance traveled, average
and maximum speed and time immobile were recorded. A detailed analysis conducted every 30 s for both laser-off and laser-on
epochs was also conducted. Half of eYFP mice received VTA photostimulation and the other half received VTA photoinhibition. Given
that the results were not significantly different, the data from all eYFP mice were pooled together.
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Feeding and tail grab tests

For the photometry studies involving food presentation, VGIuT2::Cre mice expressing GCaMP6s in the VTA (5 females, 4 males) were
food-restricted at 90% of their free-feeding weight and presented with a pre-weighed amount of standard chow (SC, 2018 Teklad
Global 18% protein rodent diet, Harlan, Indianapolis, IN: 18.6% protein, 44.2% carbohydrate and 6.2% fat, with a caloric content
of 3.1 kcal/g) or chocolate-flavored sucrose pellets (CP, FO025 Dustless Precision Pellets, Bioserv, Flemington, NJ: 0.2% protein,
94.3% carbohydrate and 0.6% fat, with a caloric content of 3.83 kcal/g) in their home cage. Ca®* activity was measured by in vivo
photometry during 10-20 min. During this experiment, mice were lightly grabbed from the tail and lifted from the group to a height of
15 cm. Timestamps indicating the onset of a feeding bout (independent feeding bouts were counted after 3 s without eating elapsed)
or of the tail grab were included in the Synapse recorded file for each mouse. The normalized peak AF/F and AUC for the baseline
window were collected from —5 s to 0 s relative to the onset of a feeding bout or of the tail grab. The same measures were collected for
the consumption or tail grab windows (from 0 s to 5 s relative to the onset) and were used for statistical analysis. Each food was pre-
sented either in the morning or the afternoon and the total amount of food eaten was calculated at the end of the experiment.
Open field test

The same open field arena used in the looming experiments was divided into the central area (20 x 20 cm) and the periphery area.
ChR2-eYFP and eYFP male mice were habituated to the testing environment for 2 hours. Mice were connected to the fiber optic cable
and laser, but no photostimulation was delivered. Next day, three 2-min tests were consecutively conducted: before, during and after
VTA photostimulation (10 ms, 8 mW, 20 Hz); and time spent in the central and periphery areas was recorded.

For all the experiments, the order of the food, laser or no laser days, as well as the pharmacology injections was counterbalanced
across days, with half the mice receiving laser/no laser (SC/CP or saline/J60-CNO) and the other half receiving no laser/laser (CP/SC
or J60-CNO/saline) on any given day. For the behavioral tests, the position of the animal was monitored via an overhead closed-cir-
cuit camera interfaced with video tracking software (AnyMaze, Stoelting). Fiber optic cables were attached via FC/PC connector to
473 nm or 532 nm lasers (OEM/Opto Engine LLC, Midvale, UT) for photostimulation or photoinhibition, respectively.

At the end of each behavioral experiment, mice were anesthetized and perfused with 4% paraformaldehyde in 0.1 M PB, and cor-
onal sections of 30 um were cut with a cryostat (CM3050 S, Leica, Buffalo Grove, IL) and prepared, as reported previously (Qi
et al., 2014).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of mice (“n”) used in each group or condition is described either in the main text or in the legend of each figure. No sta-
tistical methods were used to predetermine sample size, but sample sizes are consistent with those reported in previous publications
in the field and in our laboratory. In optogenetic experiments, mice with fiber tip placement outside of the targeted structure were
excluded from the analysis. All attempts at replication were successful. All experiments were conducted in a blind manner such
that assays were carried out and analyzed without knowledge of the experimental group of the animal under study. Results are pre-
sented as mean + SEM. Behavioral data were analyzed using a Student’s t test, in the case where two variables were to be compared,
and using a multifactorial analysis of variance (MANOVA) with group (i.e. eYFP, ChR2-eYFP, Halo-eYFP) as the between-subjects
factor, and trials, intracerebral injections, phases of testing, etc, as within-subject factors, in the case where more than two variables
were to be compared. When the same mice were tested under different conditions or when different brain subnuclei were analyzed in
the same mouse, a repeated-measures ANOVA was used instead. For significant overall interactions, further analyses of partial in-
teractions were carried out. Post hoc analyses were performed using the Newman-Keuls test (the Dunnett test in the case of elec-
trophysiology studies or the Bonferroni test in the case of photometry studies) when the initial p-value was significant. A result was
considered significant if p < 0.05. All data were analyzed using Statistica software (Statsoft Inc., Tulsa, OK) or the statistical
computing language R, in the case of photometry studies.
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Supplemental Table 1. Frequency of neurons co-expressing FG immunoreactivity and
VGIuT2 mRNA in the LHA, related to Figure 3

Bregma Subject

Percentage of LHA neurons co-
expressing FG immunoreactivity
and VGIuT2 mRNA

Percentage of LHA neurons
expressing FG immunoreactivity
but lacking VGIuT2 mRNA

(in mm)
1 63.64% (n=7) 36.36% (n =4)
-1.22 2 31.82% (n=7) 68.18% (n = 15)
3 45.83% (n = 11) 54.17% (n = 13)
4 53.33% (n = 16) 46.67% (n = 14)
Mean + 48.66 £ 6.69% (n = 41) 51.34 + 6.69% (n = 46)
S.E.M.
1 42.86% (n = 15) 57.14% (n = 20)
-1.58 2 33.33% (n = 6) 66.67% (n = 12)
3 29.87% (n = 23) 70.13% (n = 54)
4 31.34% (n = 21) 68.66% (n = 46)
Mean + 34.35 +2.92% (n = 65) 65.65 + 2.92% (n = 132) *
S.E.M.
1 36.0% (n=9) 64.0% (n = 16)
-1.94 2 27.8% (n = 5) 72.2% (n = 13)
3 40.0% (n = 22) 60.0% (n = 33)
4 45.1% (n = 32) 54.9% (n = 39)
Mean + 37.21 + 3.65% (n = 68) 62.79 £ 3.65% (n = 101) #
S.E.M.

Neurons co-expressing FG immunoreactivity and VGIuT2 mRNA were counted in 16 pum thick
sections from 4 different mice (subject 1, 2, 3 and 4). n = total number of FG-positive neurons
expressing or lacking VGIuT2 mRNA in the LHA. A tendency for medial (bregma -1.58) and
caudal (bregma -1.94) occurrence of LHA neurons expressing FG immunoreactivity but
lacking VGIuT2 mRNA was observed (bregma x phenotype: F6=3.93, P=0.08, ANOVA with
Newman-Keuls post hoc test). * P<0.05, # P=0.06, against percentage of LHA neurons co-
expressing FG immunoreactivity and VGIuT2 mRNA.



Supplemental Table 2. Distribution of neurons co-expressing c-Fos
immunoreactivity and VGIuT2 mRNA within the different VTA
subnuclei, related to Figure 4

VTA Subject Number of VTA neurons co-
subnucleus expressing c-Fos immunoreactivity
and VGIuT2 mRNA
1 46
VTAr 2 55
3 40
Mean + 47 + 4.36
S.E.M.
1 75
PBP 2 42
3 48
Mean + 55+ 10.15
S.E.M.
1 3
PN 2 5
3 10
Mean + 6 +2.08 **
S.E.M.
1 45
RLi 2 34
3 39
Mean £ 39.33+3.18
S.E.M.
1 27
IF 2 18
3 21
Mean + 22 £2.65*
S.E.M.

Neurons co-expressing c-Fos immunoreactivity and VGIuT2 mRNA were counted in 16 um thick
sections from 3 different ChR2-eYFP mice (subjects 1, 2, and 3). Neurons co-expressing c-Fos
immunoreactivity and VGIuT2 mRNA were differentially distributed within the VTA
(subnucleus: Fug=14.55, P<0.001, ANOVA with Newman-Keuls post hoc test). * P<0.05, ** P<0.01,
against number of neurons within the RLi.



Supplemental Table 3. Average speed (m/s) during the 10-s trial in which the looming

stimulus was presented, related to Figure 5

Group Loomin'g Pretest Test
presentatlon

1 0.069 + 0.011 0.057 + 0.018

eYFP 2 0.047 + 0.009 0.051 + 0.024
(n = 10) 3 0.048 + 0.010 0.051 + 0.015
4 0.050 + 0.013 0.064 + 0.027

5 0.044 + 0.013 0.044 + 0.017

6 0.051 + 0.014 0.037 + 0.015

1 0.076 + 0.010 0.137 + 0.029

ChR2- 2 0.045 + 0.007 0.121 + 0.019
eYFP 3 0.042 + 0.013 0.157 + 0.035
(n=10) 4 0.065 + 0.018 0.132 + 0.024
5 0.035 + 0.012 0.143 + 0.021

6 0.054 + 0.010 0.105 + 0.021

1 0.067 + 0.014 0.032 + 0.010

Halo- 2 0.044 + 0.013 0.024 + 0.007
eYFP 3 0.038 + 0.010 0.029 + 0.013
(n=8) 4 0.041 + 0.011 0.016 + 0.007
5 0.045 + 0.011 0.044 + 0.024

6 0.052 + 0.006 0.036 + 0.009

Average speed was calculated for each of the looming stimulus presentation during pretest or
test, showing that the speed of ChR2-eYFP mice was higher during the test than the pretest,
and it was also higher than the speed of the other groups for either test or pretest. While the
triple interaction between group, phase of test and event was not significant (Fo,125=0.44,
P=0.093, ANOVA with Newman-Keuls post hoc test); the main effect group (ChR2-eYFP > eYFP
= Halo-eYFP; F(225=13.21, P<0.001, ANOVA with Newman-Keuls post hoc test), phase of test
(test > pretest; F25=5.12, P<0.05, ANOVA with Newman-Keuls post hoc test) and the interaction
between those 2 factors (F25=11.19, P<0.001, ANOVA with Newman-Keuls post hoc test) was
significant.
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Figure S1. Ablation of VTA-VGIuT?2 or VGaT neurons does not modify motor behavior, related to
Figure 1. (A) Diagram of VTA viral injections. (B) Total distance travelled was not modified by ablation
of VTA-VGIuT2 neurons (control, n=7; caspase, n=9; f14=1.43, P=0.17, ¢ test; data represent mean +
SEM). (C) Speed was not modified by ablation of VTA-VGIuT2 neurons (control, n=7; caspase, n=9;
ta4=0.36, P=0.72, t test; data represent mean = SEM). (D) Diagram of VTA viral injections. (E) Total
distance travelled was not modified by ablation of VTA-VGIuT2 neurons (control, n=7; caspase, n=9;
ta4=0.52, P=0.61, t test; data represent mean = SEM). (F) Speed was not modified by ablation of VTA-
VGIuT2 neurons (control, n=7; caspase, n=9; #14=0.69, P=0.50, ¢ test; data represent mean + SEM).
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Figure S2. VTA-VGIuT?2 neurons signal innate escape responses, related to Figure 2. (A) Diagram of
VTA viral injection of AAV-Flex-GCaMP6s and VTA photometry fiber. (B) Detection of VTA-VGIuT2
neurons expressing GCamP6s-GFP (green) below the photometry fiber. (C) Placement of photometry
fibers within the VTA (red, looming and odor experiments; yellow, feeding and tail grab experiment). (D)
VTA detection of VGIuT2 neurons (mCherry, red) and TH neurons (green). (E) VTA rostral to caudal
extension of hM4D-mCherry viral injections indicating maximal (red) and minimal (pink) diffusion. (F)
Maximum speed of hM4D-mCherry mice was not modified by intraperitoneal administration of CNO
during TMT odor presentation (#24=-1.88, P=0.07, ¢ test; data represent means + SEM). (G) The amount
of food eaten was significantly higher when chocolate-flavored sucrose pellets (CP) were presented to the
mice instead of standard chow (SC: n=9; f16=-2.58, * P<0.05, t test; data represent mean + SEM). (H)
Individual values of area under the curve (AUC) for Ca’" activity in VTA-VGIuT2 neurons before (-5s —
0s, baseline) and after (Os — 5s, onset) the onset of food consumption or tail grab. (I) AUC for Ca?" activity
in VTA-VGIuT2 neurons in response to SC, CP or tail grab (n=9; event x epoch: F2, 24=4.40, P<0.05,
ANOVA with Newman-Keuls post hoc test. *** P<(0.001 against onset for the same event; + P<0.05, ++
P<0.01 against tail grab onset; data represent mean + SEM). (J) Population Ca**activity (+ SEM) in VTA-
VGIuT2 neurons during the onset of feeding. (K) Population Ca®*activity (= SEM) in VTA-VGIuT2
neurons during the onset of the tail grab and lift. (L) Maximum speed was not modified by intraperitoneal
administration of J60 during TMT odor presentation (group x drug: F(1,10=0.20, P=0.67, ANOVA; data
represent mean + SEM). (M) Maximum speed was not modified by intra-VTA administration of J60
during cat urine or water presentation (odor x drug: F1,15=0.05, P=0.83, ANOVA; data represent mean +
SEM).
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Figure S3. LHA neurons expressing VGluT2 mRNA provide a major input to VTA, related to Figure
3. (A) VTA iontophoretic application of the retrograde tracer Fluoro-Gold (FG) (A”) FG-immunoreactivity



(FG-IR) in VTA. (B-D) Low magnification of LHA showing retrogradely FG-IR (brown, B), and
expression of VGluT2 mRNA under brightfield-epiluminiscence microscopy (green aggregated grains, C)
and under epiluminiscence microscopy (white aggregated grains, D). (E-E”) Square areas in B-D are
shown at higher magnification. Retrogradely FG-IR neurons co-expressing (arrows) or lacking VGIluT2
mRNA (arrowheads). (F) Photomicrograph of retrogradely FG-IR neurons in the LHA and adjacent
hypothalamic subregions. (G) Quantification of FG-IR neurons across the antero-posterior extent of the
LHA and adjacent hypothalamic subregions following VTA iontophoretic application of FG (n=3). Most
FG-IR neurons are located within the LHA, and fewer are in the anterior hypothalamic area, anterior part
(AHA), ventromedial hypothalamic nucleus (VMH); paraventricular hypothalamic nucleus, ventral part
(PaV), anterior hypothalamic area, posterior part (AHP), posterior hypothalamic area (PH) and
dorsomedial hypothalamic nucleus (DM). Data represent mean = SEM. (H) LHA frequency of FG-IR
neurons expressing or lacking VGluT2 mRNA (n=4; data represent mean = SEM). (I) Schematic heatmaps
showing the average number of neurons projecting to the VT A within the hypothalamic subnuclei. (J)
LHA distribution of FG-IR neurons co-expressing (green dots) or lacking (pink dots) VGluT2 mRNA. 3V,
third ventricle; cp, cerebral peduncle; f, fornix; ic, internal capsule; LHA, lateral hypothalamic area; mt,
mammillothalamic tract; ns, nigrostriatal bundle; opt, optic tract; VTA, ventral tegmental area.
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Figure S4. Detection of viral injection sites (mCherry) at the rostro-caudal level of the LHA, related
to Figure 3. (A) Diagram of LHA viral injections of ChR2-mCherry. (B-D) LHA images showing the
rostro-caudal extension of viral injections at low magnification. (E) LHA-VGIuT2 transfected neurons
(box in D) are seen at higher magnification (white arrows).
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Figure S5. LHA-VGIuT2 neurons make asymmetric synapses on both VTA-dopamine and non-
dopamine neurons, related to Figure 3. (A) Diagram of viral injection of AAV1-DIO-ChR2-mCherry
into LHA and AAV1-DIO-eYFP into VTA of VGIuT2::Cre mice. (B) An axon terminal (AT, red outline)
from a LHA-VGIuT2 neuron co-expressing mCherry (scattered dark material) and VGIuT2 (green
arrowhead, gold particles) makes an asymmetric synapse (green arrow) on a VITA-TH (blue arrowhead,
gold particles) dendrite (blue outline). (C) Low magnification image showing a VTA-TH negative
dendrite (green outline) makes asymmetric synapses (green arrows) with three axon terminals (AT).3, red
outline) from LHA-VGIuT2 neurons co-expressing mCherry (scattered dark material) and VGIuT2
(arrowhead, gold particles). (C”) Higher magnification image from C showing an axon terminal (AT, red
outline) from an LHA-VGIuT2 neuron co-expressing mCherry and VGIuT2 that makes an asymmetric
synapse (green arrow) on a VTA TH-negative dendrite (green outline). (D) A single pulse of
photoactivation of LHA-VGIuT?2 fibers evoked a single action potential in VTA-VGIuT2 neurons. (E)
Individual (gray) and averaged (black) current clamp traces from VTA-VGIuT2 neurons during 1 s
photostimulation (20 Hz) of LHA-VGIuT2 fibers induced burst firing.
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Figure S6. VT A photostimulation or photoinhibition of LHA-VGIluT2 fibers modulates innate escape
responses, related to Figures 4 and 5. (A) Diagram of LHA viral injections and VTA photostimulation of
LHA-VGIuT?2 fibers. (B) Rostro-caudal extension of viral injections (¢YFP, ChR2-eYFP and Halo-eYFP)

within the LHA. (C) Expression of Halo-eYFP (green) in LHA neurons. (D) VTA optic fiber placements



and detection of eYFP fibers from LHA-VGIuT2 neurons (green) and TH (red). (E) Optic fiber placements
in eYFP mice. (F) Optic fiber placements in ChR2-eYFP mice. (G) Optic fiber placements in Halo-eYFP
mice.



Figure S7. eYFP expression is restricted to VI A-TH neurons in TH::Cre mice, related to Figure 4.
Low (A) and high (B) magnification of VTA from a TH::Cre mouse, injected with AAV1-DIO-eYFP,
showing neurons expressing TH mRNA (red) intermixed with eYFP immunoreactive neurons (GFP,
green). All eYFP positive neurons also co-expressed TH mRNA.
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Figure S8. Speed analysis of mice confronted with a looming stimulus mimicking a predator, related
to Figure 5. (A) Diagram showing the experimental design. Each phase of the test was divided in 10-s
trials and the exact moment the looming stimulus was above the arena was calculated and assigned to its
corresponding 10-s trial (stimulus trial, S). The speed during that 10-s trial, as well as the 10-s trials before
(pre-stimulus trial, Pre-S), and after (post-stimulus trial, Post-S) was calculated for each mouse. The pink
box in the next panels indicates in which phase the speed was measured. (B) The average speed of eYFP
(n=10), ChR2-¢YFP (n=10) and Halo-eYFP (n=8) mice did not differ during the first 3 minutes of either
pretest or test (when no stimulus was presented, F2,25=0.37, P=0.69, ANOVA; data represent mean +
SEM). (C) Through pretest, the average speed was significantly higher during the 10-s trial in which the
looming stimulus was presented (S) than during the previous (Pre-S) or subsequent (Post-S) 10-s trial for
all the mice (main effect epoch: F(z, 50=96.90, P<0.001, ANOVA with Newman-Keuls post hoc test. **
P<0.01; *** P<(0.001 against Pre-S or Post-S). Through test, the average speed of ChR2-eYFP mice was



significantly higher than the speed of eYFP mice during Pre-S, S and Post-S, while the speed of Halo-
eYFP was decreased during S (group x epoch: Fi4, 50=3.95, P<0.01, ANOVA with Newman-Keuls post
hoc test. *** P<(.001 against Pre-S or Post-S; + P<0.05, +++ P<0.001 against the same trial within

pretest; data represent mean = SEM).
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Figure S9. Time in shelter and forced swimming during VTA photostimulation or photoinhibition of
LHA-VGIuT?2 fibers, related to Figure 5. (A) Time hiding from a looming stimulus during VTA
photostimulation or photoinhibition of LHA-VGIuT?2 fibers in the presence of a shelter. In the absence of
laser activation, mice from all groups spent similar amount of time hided in the shelter. Laser activation
induced a decrease in the time hiding only in ChR2-eYFP mice (eYFP, n=10; ChR2-eYFP, n=10; Halo-
eYFP, n=8; group x experimental phase x time: F25=3.61, P<0.05, ANOVA with Newman-Keuls post
hoc test; data represent mean £ SEM). ** P<(.01, against the first 3 min of the experiment, for each group;
+++ P<0.001, against the same period in the pretest phase. (B) Total time immobile per trial before VTA
photostimulation or photoinhibition of LHA-VGIuT?2 fibers. The time immobile was similar between
groups (eYFP, n=9; ChR2-eYFP, n=9; Halo-eYFP, n=9; group: F(22¢=0.20, P=0.82, ANOVA with
Newman-Keuls post hoc test; data represent mean = SEM). (C) Total time immobile per trial during VTA
photostimulation or photoinhibition of LHA-VGIuT2 fibers (¢eYFP, n=9; ChR2-eYFP, n=9; Halo-eYFP,
n=9; group: F26=4.69, P<0.05, ANOVA with Newman-Keuls post hoc test; data represent mean + SEM).
(D) Increases in total distance swam during VTA photostimulation by ChR2-eYFP mice, but not by eYFP
or Halo-eYFP mice (eYFP, n=9; ChR2-eYFP, n=9; Halo-eYFP, n=9; group x experimental phase:
F226=10.77, P<0.001, ANOVA with Newman-Keuls post hoc test; data represent mean = SEM). (E) Only
ChR2-eYFP mice significantly increased their average speed during VTA photostimulation (¢YFP, n=9;
ChR2-eYFP, n=9; Halo-eYFP, n=9; group x experimental phase: F(226=12.59, P<0.001, ANOVA with
Newman-Keuls post hoc test; data represent mean £ SEM). (F) Maximum speed during forced swim test
was not modified by VTA photostimulation or photoinhibition (¢YFP, n=9; ChR2-eYFP, n=9; Halo-eYFP,
n=9; group x experimental phase: F(»26=1.69, P=0.20, ANOVA with Newman-Keuls post hoc test; data
represent mean = SEM). ** P<0.01, against eYFP; ++ P<(0.001, against laser off. (G) Anxiety was
measured in an open field arena. (H) Total time spent in the periphery and center zones before, during and
after 20 Hz VTA photostimulation of LHA-VGIuT?2 fibers (eYFP, n=9; ChR2-eYFP, n=9; group x area x
experimental phase: F(232=2.35, P=0.10, ANOVA with Newman-Keuls post hoc test; data represent mean
+ SEM).
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Figure S10. LHA-VGIuT2 neurons projecting to VTA signal perceived threats, related to Figure 6.
(A) Diagram of viral injections of AAV-DIO-ChR2-eYFP or AAV-DIO-eYFP in LHA and of AAV-
hM4Di-mCherry in the VTA of VGIuT2::Cre mice, and VTA photostimulation of LHA-VGIuT?2 fibers.
(B) VTA detection of eYFP fibers from LHA-VGIuT2 neurons (green), mCherry VGIuT2 neurons (red)
and TH neurons (blue). (C) Placement of optic fibers. (D) Latency to escape lemon odor in ChR2-eYFP
(n=12) or eYFP (n=13) mice after VTA photostimulation of LHA-VGIuT?2 fibers (group x treatment:
Fa23=4.55, P=0.05, ANOVA with Newman-Keuls post hoc test; data represent mean £ SEM). **
P<0.01, against vehicle; + P<0.05, against eYFP. (E) Maximum speed was not modified by
intraperitoneal administration of DREADD ligand CNO during lemon odor presentation (group x drug:

Fu23=1.23, P=0.28, ANOVA; data represent mean + SEM).
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