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SUMMARY

Extracting the valence of environmental cues is critical for animals’ survival. How valence in sensory signals is
encoded and transformed to produce distinct behavioral responses remains not well understood. Here, we
report that the mouse pontine central gray (PCG) contributes to encoding both negative and positive va-
lences. PCG glutamatergic neurons were activated selectively by aversive, but not reward, stimuli, whereas
its GABAergic neurons were preferentially activated by reward signals. The optogenetic activation of these
two populations resulted in avoidance and preference behavior, respectively, and was sufficient to induce
conditioned place aversion/preference. Suppression of them reduced sensory-induced aversive and appe-
titive behaviors, respectively. These two functionally opponent populations, receiving a broad range of inputs
from overlapping yet distinct sources, broadcast valence-specific information to a distributed brain network
with distinguishable downstream effectors. Thus, PCG serves as a critical hub to process positive and nega-

tive valences of incoming sensory signals and drive valence-specific behaviors with distinct circuits.

INTRODUCTION

In natural environments, animals are bombarded with barrages
of sensory information. Yet, they are able to filter out unimportant
information and rapidly respond to the dynamic surroundings in
an adaptive manner. The valence of environmental cues is
defined by their associated positive or negative outcomes.’™
Detecting and discriminating the valence of external signals
are thus essential for animals’ survival and well-being. Negative
valence signals usually result in avoidance/aversive behaviors,
whereas positive valence signals result in approach/appetitive
behaviors.””” Although abundant previous studies have been
focused on how different brain structures and cell types are
involved in aversion- or reward-related emotional process-
ing,2'® how values of valence are extracted from incoming
sensory signals and represented by neurons along the sensory
processing pathways remains largely unclear.

Valence coding neurons are those exhibiting differential re-
sponses to cues associated with reward and threat/punishment,
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independent of modality.'®"® Previous studies searching for
valence coding neurons have identified a great number of brain
regions relevant to emotional/motivational processing. These re-
gions include the amygdala, hippocampus, prefrontal cortex,
striatum, lateral hypothalamus, habenula, and various neuromo-
dulatory systems,'"'*~%? suggesting that the valence processing
framework may involve a large distributed brain network. How
valence is transformed from sensory signals, however, is un-
known. As structures outside the traditionally recognized limbic
system and related circuitry have not been well studied under the
context of reward/punishment, it remains possible that even at
an early sensory information processing stage preceding the
classic limbic system, valence information has already been pro-
cessed by specific neuronal populations.

In humans, previous studies have suggested that the pons
could work conjunctively with the distributed corticolimbic sys-
tem to shape an individual’s affective states,®'** especially for
negative affective states.®® In particular, the dorsal pons has
been found activated during recalled experiences of negative
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emotion.** These findings raise a possibility that specific struc-
tures in the dorsal pons might be involved in valence and
emotional processing. Here, we directly targeted a salient struc-
ture located in the dorsal pons, the pontine central gray (PCG).
The PCG is a distinct cell group in caudoventral regions of the
pontine periventricular gray, adjacent to the caudal dorsal
tegmental nucleus (DTN). Previous studies in related areas
have mostly been focused on sleep-wake regulation,®**° as
well as sensory relay.®’~*° The anatomical and functional roles
of PCG in valence processing remain largely unclear.

By combining in vivo electrophysiology and fiber photometry
recording, we found that two genetically defined neuronal popu-
lations in PCG encoded opposite valences. The glutamatergic
neurons were specifically activated by aversive, but not reward,
sensory inputs, while the GABAergic neurons responded prefer-
entially to reward signals. Optogenetic activation of the glutama-
tergic and GABAergic neurons acutely resulted in avoidance and
preference behaviors, respectively, and was sufficient to induce
conditioned place aversion (CPA) or preference (CPP). On the
other hand, optogenetic suppression of these neurons attenu-
ated sensory-induced aversion and reward-related behaviors.
Using cell-type-specific anatomical tracing and projection-spe-
cific manipulations, we found that the two PCG neuronal popula-
tions had largely overlapping yet distinguishable input-output
patterns. They receive the most prominent input from the pontine
reticular nucleus (PRN) and orbital frontal cortex (OFC), respec-
tively. Through distinct output projections, they relay the va-
lance-specific information into a distributed brain network known
to be involved in motivational processing. Our results suggest
that PCG, although at a relatively early stage of sensory process-
ing, can already distinguish sensory valences through the activity
of two functionally opponent neuronal populations. Together, we
conclude that PCG plays an important role in valence processing
and serves as a critical hub to broadcast valence-specific signals
globally to a distributed brain system.

RESULTS

PCG mediates sensory-induced aversion and reward-
related behaviors

We examined the affective behavioral effect of various sensory
cues and the involvement of PCG by infusing muscimol to
silence PCG (Figures 1A and S1A). We first exploited a two-
chamber place preference test®®*'**? (see STAR Methods).
Loud noise sound (80 dB sound pressure level [SPL]) or wind
blow was applied whenever a naive mouse entered the predes-
ignated “stimulation” chamber (Figures 1B and S1B). These
aversive sensory stimuli greatly reduced the time spent by the
animal in that chamber compared with control conditions
without sensory stimulation (Figures 1B, 1C, S1B, and S1C),
confirming the innately aversive nature of the auditory and so-
matosensory stimulation.®® Moreover, the average speed of
movements was much higher in the stimulation than non-stimu-
lation chamber (Figure 1D), demonstrating that the animal rapidly
escaped from the stimulation to the non-stimulation chamber.
Silencing PCG activity significantly reduced this avoidance
behavior and the locomotion increase induced by the aversive
sensory stimuli, whereas saline infusion had no effects
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(Figures 1C, 1D, S1C, and S1D). These results indicate that
PCG plays a role in mediating sensory-induced aversion.

To examine whether PCG also plays a role in reward-related
behavior, we adapted a sucrose preference test’>** (see STAR
Methods). In this test, water-deprived mice could choose to
lick from one of two bottles to acquire liquid of 2% sucrose or
just water (Figure 1E). Muscimol inhibition of PCG activity re-
sulted in a significant reduction of relative sucrose intake
compared with the pre-injection condition, whereas saline had
no effect (Figure 1F). This indicates that the activity of PCG
also plays a role in mediating appetitive behavior.

Both aversive and rewarding stimuli can elicit arousal.’’**° To
study arousal induced by salient events, we measured the pupil-
lary change in awake head-fixed animals responding to aversive
(70 dB SPL noise and air puffs) and rewarding (sucrose water)
stimuli (Figure 1G). Pupillary responses are known to reflect
arousal state.”*® Both the aversive and appetitive sensory
stimuli induced a large increase in pupil size in naive mice
(Figures 1H and 1l), consistent with the notion that both positive
and negative valence events can induce arousal.**" Muscimol
silencing of PCG activity significantly attenuated the arousal
effect (Figures 1J and 1K), whereas saline had no effect (Fig-
ure S1E). Thus, PCG also plays a role in mediating arousal eli-
cited by salient stimuli.

By applying fluorescence in situ hybridization with RNA probes
(RNAscope) for vesicular glutamate transporter 2 (Vglut2) and
vesicular GABA transporter (Vgat), we estimated the relative
abundance and spatial distribution of glutamatergic and
GABAergic neurons in PCG (Figure 1L). About 60% and 40%
of neurons in PCG were found to be glutamatergic (i.e., Vglut2+)
and GABAergic (Vgat+), respectively (Figure 1M). However, in its
neighboring structure, DTN, GABAergic neurons predominated
over glutamatergic neurons (Figure 1M).

PCG glutamate and GABA neurons drive opposing
valence-specific behaviors

As glutamatergic neurons were a slightly more dominant cell type
in PCG, we tested the behavioral effect of optogenetic activation
of these neurons by injecting adeno-associated virus (AAV) en-
coding Cre-dependent Channelrhodopsin-2 (ChR2) fused with
enhanced yellow fluorescent protein (€YFP) (or eYFP alone as
control) in Vglut2-Cre mice (Figures 2A and S2A). To assess the
valence effect of the photoactivation, we employed an optoge-
netics-coupled real-time place preference (RTPP) test following
previous studies.®®*? In the test, whenever the mouse entered
the designated stimulation chamber, light-emitting diode (LED)
light pulses (470 nm, 5-ms duration, at 20 Hz) were continuously
delivered through bilaterally implanted optic fibers above PCG un-
til it exited. We found that ChR2-expressing mice spent signifi-
cantly less time in the LED-On chamber than the eYFP control
mice, with the latter spending about equal amounts of time in
LED-On and LED-Off chambers (Figures 2B and 2C). Lower stim-
ulation frequencies generated weaker effects (Figure S3A). The
photoactivation also greatly suppressed food intake in hungry
mice (food deprived for 24 h) (Figure S3B). These results suggest
that PCG glutamatergic neurons drive negative-valence-specific
behaviors. In addition, activation of these neurons acutely
increased locomotion in an open field (Figures 2D and 2E).
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Figure 1. PCG mediates sensory-induced aversion and reward-related behavior

(A) Schematic of a sagittal section of the mouse brain and infusion of fluorescent muscimol into PCG.

(B) Example movement tracking traces in the place preference test for three mice in no-stimulation, noise alone (80 dB SPL), and noise plus PCG silencing (with
muscimol) conditions.

(C) Summary of percentage time spent in the stimulation chamber in different conditions. n = 6, 7, 6, 8 mice, respectively. The gray dash line marks 50% level.
**p < 0.01, **p < 0.001, one-way ANOVA and post hoc test. “n.s.,” not significant; S, saline; M, muscimol.

(D) Summary of average locomotion speed in the stimulation chamber. n = 6, 7, 6, 8 mice, respectively. *p < 0.01, **p < 0.001, one-way ANOVA.

(E) Schematic of sucrose preference test.

(F) Summary of sucrose preference in the saline control and PCG silencing groups. n = 6 and 8 mice, respectively. Sucrose preference was quantified as the
relative amount of sucrose water consumption during a 1 h test session (see STAR Methods). **p < 0.001, paired t test.

(G) Experimental configuration for measuring pupil size changes in responding to noise, air puffs, or sucrose water (5%) delivery in awake head-fixed condition.
(H) Plot of pupil size changes in responding to noise (70 dB SPL, 3-s duration) for an example naive animal. Left: example images of pupil during baseline (a) and
dilated (b) conditions. Yellow arrows mark the pupil diameter. Right: the plot of the average change in pupil size (mean + SEM) aligned to the onset of noise
stimulation (top) and A pupil size in each of 30 trials (bottom) for an example animal. The dotted red line indicates stimulus onset. The brown bar indicates the
duration of noise.

() Summary of peak pupil size changes in no-stimulation, noise, air puffs, and sucrose water delivery groups. n = 6, 6, 6, and 5 mice, respectively. **p < 0.001,
one-way ANOVA.

(J) Plot of the average pupil size changes in responding to noise (left) or sucrose water (right) before (black) and after (red) silencing PCG with muscimol for an
example mouse. The red dotted line indicates the onset time of stimulus. The brown bar indicates the duration of noise.

(K) Summary of peak pupil size changes in responding to different sensory stimuli before and after silencing PCG with muscimol. n=7, 7, and 5 mice, respectively.
**p < 0.01; **p < 0.001, paired t test.

(L) Representative RNAscope staining in PCG for the Vglut2 (red, Slc17a6) and Vgat (green, Slc32a1) probes. Blue represents DAPI staining. Scale bars, 200 um.
(M) Relative abundance of Vglut2+ (red) vs. Vgat+ (green) neurons. For each brain structure, n = 4 animals.

Error bar, SD in all plots.
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Figure 2. PCG glutamate and GABA neurons drive avoidance and preference behavior, respectively

(A) Top: experimental condition. Bottom: a representative confocal image showing the restricted expression of ChR2 within PCG. Scale bars, 200 um.

(B) Example movement tracing for an animal in eYFP group or ChR2 group during a 20 min session of RTPP test with 20-Hz optical stimulation of PCG gluta-
matergic neurons.

C) Percentage time spent in the LED-On chamber for the eYFP (n = 5 mice) and ChR2 (n = 8 mice) groups. The gray dash line marks 50% level. ***p < 0.001, t test.
D) Plot of locomotion speed in an open field test for an example animal. The blue box marks the duration of LED stimulation of PCG Vglut2+ neurons.

E) Average speed in LED-On (1 min) and LED-Off epochs. n = 5 and 8 mice for the eYFP and ChR2 group, respectively. “**p < 0.001, paired t test.

F) Similar to (A) but for a Vgat-Cre mouse. Scale bars, 200 um.

G) Example movement tracing for a Vgat-Cre animal during a 20 min session of RTPP test with 20-Hz optical stimulation of PCG GABAergic neurons.
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(legend continued on next page)
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Next, we tested the effect of photostimulation of PCG
GABAergic neurons by injecting the Cre-dependent ChR2 virus
in Vgat-Cre mice (Figure 2F). Opposite to that of the glutamater-
gic neurons, the activation of the GABAergic neurons led to a
strong preference for the LED-On chamber in the RTPP test
(Figures 2G and 2H). This indicates a rewarding effect of these
neurons, although no effect on locomotion was observed
(Figures 2l and 2J). Thus, our data demonstrate that the activity
of PCG glutamatergic and GABAergic populations drives nega-
tive and positive valence-specific behaviors, respectively.

Furthermore, we tested whether the acute valence effects of
PCG neurons could support CPA or CPP.5°® To this end, we
employed a 4-day test-conditioning-test strategy (Figure 2K)
by selectively pairing optogenetic stimulation (20 Hz, 20 min)
with one designated chamber over days 2-3. On day 4 (testing
day), ChR2-expressing Vglut2-Cre animals exhibited avoidance
from the paired LED-On chamber although no LED light was
applied, while before conditioning (day 1) they did not show a
preference for either chamber (Figure 2L). This result indicates
that the photoactivation of the PCG glutamatergic neurons had
enabled CPA. On the contrary, the photoactivation of PCG
GABAergic neurons resulted in CPP (Figure 2M). Thus, our re-
sults further indicate that activities of PCG glutamatergic and
GABAergic populations are associated with negative and posi-
tive valence, respectively.

Consistent with the affective effects, we found that activation
of both PCG glutamatergic and GABAergic neurons led to
enhanced arousal, as shown by the robust pupil dilation after
the onset of light activation (20 Hz, duration 3-s), which was ab-
sent in the eYFP control mice (Figures 2N-2Q). Together, our re-
sults demonstrate opposing valence effects of activating PCG
glutamatergic and GABAergic neurons, with both strongly
enhancing arousal.

PCG glutamate and GABA neurons respond to aversive
and rewarding sensory events, respectively

Since PCG glutamatergic and GABAergic neurons drive negative
and positive valence effects, respectively, we wondered whether
they could be activated by aversive and rewarding sensory events,
respectively. To test this, we performed optrode recording from
photo-tagged neurons by injecting AAV-DIO-ChR2 into PCG of
Vglut2-Cre/Vgat-Cre animals. The recording was performed in
the awake head-fixed mouse, following our previous studies.'%*®
Of 298 units recorded in Vglut2-Cre mice, 121 neurons were iden-
tified as Vglut2+ neurons, as demonstrated by their time-locked
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spike responses (latency < 3 ms) to applied blue light pulses (Fig-
ure 3A). As shown by an example ChR2-tagged glutamatergic
neuron (Figure 3B) and the population response (Figure 3D), the
majority of PCG Vglut2+ neurons (79/121) were excited by an aver-
sive event (loud noise or air puffs) (Figures 3E and 3L). Most of them
(60/79) were responsive to both the auditory and somatosensory
stimuli (Figure 3E). For the remaining 177 untagged units, which
presumably contained mainly GABAergic neurons, only 15.8%
(28/177) responded to either noise or air puff stimulation, whereas
the great majority were unresponsive (Figure 3E). Consistent with
this data, in our recorded photo-tagged GABAergic neurons
from Vgat-Cre mice (63 out of 112 units), only 9.5% (6/63) showed
excitatory responses to the aversive auditory or somatosensory
stimulation (Figures 3H, 3, and 3L), whereas in the untagged pop-
ulation from Vgat-Cre mice, 69.3% (34/49) (presumably mainly glu-
tamatergic neurons) did so (Figure 3l).

We then tested whether the GABAergic neurons could
respond to rewarding sensory signals by delivering sucrose
solution (5% w/v, 10 uL per trial) into the oral cavity of water-
deprived mice via intraoral cheek fistulae (see STAR Methods).
In photo-tagged GABAergic neurons (an example is shown in
Figure 3C), the majority of them (72.2%, 39/54 units) showed in-
creases in firing rate following the sucrose delivery (Figures 3J,
3K, and 3M), whereas 22.2% of the population (12/54) showed
no change and 5.6% (3/54) showed a decrease in firing rate
(Figure 3K). In the untagged population, only 6.2% (5/80) showed
an excitatory response to sucrose, and the great majority
showed no response (93.8%, 75/80) (Figure 3K). Consistent
with this data, only 8.1% (3/37) of photo-tagged Vglut2+ neurons
showed excitatory responses to sucrose, whereas in the un-
tagged population, 68% (34/50) did so (Figures 3F and 3G).
The glutamatergic and GABAergic neurons did not differ in spon-
taneous firing rate (3.1 + 1.8 vs. 3.4 + 1.6 Hz, n = 121 and 63 neu-
rons, p = 0.29, t test).

We also applied fiber photometry recording of the
ensemble Ca®* signal in PCG of freely moving mice
(Figures 3N and 3Q) by injecting AAV-expressing Cre-dependent
Ca?* indicator (AAV1-DIO-GCaMP8s) into Vglut2-Cre/Vgat-Cre
mice.*® Consistent with the single-unit data, the Vglut2+ popula-
tion showed increases of Ca* activity in response to noise, air
puffs, and foot shocks (Figures 30 and 3P). By contrast, the
activity of the Vglut2+ population was essentially not affected
by sucrose delivery (Figures 30 and 3P). On the other hand,
the Vgat+ population in water-deprived mice was preferentially
activated by sucrose water, but not by noise, air puffs, or foot

54,55

(H) Percentage time spent in the LED-On chamber for the eYFP (n = 6 mice) and ChR2 (n = 9 mice) groups. ***p < 0.001, t test.
(I) Plot of locomotion speed in an open field test for an example Vgat-ChR2 animal.
(J) Average speed in LED-On (1 min) and LED-Off epochs. n = 6 and 9 mice, respectively. p > 0.05, paired t test.

(K) Timeline for CPA/CPP test.

(L and M) Percentage time spent in the LED-On chamber pre- and post-conditioning by activating PCG Vglut2+ neurons (L, n = 5 mice for each group) and Vgat+

neurons (M, n = 6 mice for each group). **p < 0.01, paired t test.

(N) Plot of change in pupil size in responding to LED stimulation for an example Vglut2-Cre animal. Left: example images of pupil during baseline (a) and dilated
(b) conditions. Right: plot of the average change in pupil size (mean + SEM) aligned to the onset of optical stimulation (top) and A pupil size in each of 30 trials

(bottom) for an example animal. Scale bars, 50 pm.

(O) Average change in pupil size in LED-On and LED-Off conditions. n = 5 and 7 mice, respectively. ***p < 0.001, paired t test.
(P) Plot of change in pupil size in responding to LED stimulation for an example Vgat-Cre animal. Scale bars, 50 um.
(Q) Average change in pupil size in LED-On and LED-Off conditions. n = 6 and 9 mice, respectively. “**p < 0.001, paired t test.

Error bar, SD in all plots.
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Figure 3. PCG glutamate and GABA neurons are activated preferentially by aversive and reward sensory signals, respectively

(A) Left: schematic of optrode recording from ChR2-tagged PCG glutamatergic or GABAergic neurons (top) and average waveforms of LED-evoked (blue), noise-
evoked (orange), and air-puff-evoked (red) spikes from an example Vglut2+ unit (bottom). Scale bars, 0.5 ms. Right: raster plot (top) and peri-stimulus spike time
histogram (PSTH, bottom) for LED-evoked spikes of an example tagged Vglut2+ neuron. Blue bars mark LED pulses (5-ms, 16 Hz). Scale bars, 5 Hz, 50 ms.

(legend continued on next page)
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shocks (Figures 3R and 3S). Together, our results strongly sug-
gest that PCG glutamatergic neurons are selectively activated
by a range of aversive sensory stimuli across modalities,
whereas its GABAergic population is preferentially activated by
rewarding sensory signals.

Suppression of PCG glutamate and GABA neurons
attenuates sensory-induced aversion and appetitive
behavior, respectively

Since PCG glutamatergic neurons drive negative valence effects
and can be activated by aversive sensory stimuli, we wondered
whether suppressing the activity of these neurons could specif-
ically impair aversive sensory-induced behaviors. We inhibited
these neurons by injecting AAV-expressing Cre-dependent ArchT
in Vglut2-Cre mice and applying green LED light (Figure 4A). The
photo-inhibition of the Vglut2+ neurons alone did not induce any
place preference/avoidance or any change in pupil size
(Figures S4A-S4E), suggesting that the baseline activity of these
neurons might not significantly affect the affective state. However,
the optogenetic inhibition greatly reduced the avoidance behavior
(Figures 4B and 4C), locomotion increase (Figure 4D), and pupil
dilation (Figures 4E, 4F, S5A, and S5B) induced by aversive sen-
sory stimulation, without generating a significant effect on
reward-related behavior (Figures S5C and S5D). Thus, our data
suggest that the sensory-evoked activity of PCG glutamatergic
neurons is specifically required for aversive sensory-induced
behavior.

We further tested the involvement of PCG GABAergic neurons
in reward-related behavior, by injecting AAV-expressing Cre-
dependent ArchT in Vgat-Cre mice (Figure 4G). The optogenetic
inhibition of the Vgat+ neurons alone did not produce any
valence effect or changes in pupil size (Figures S4F-S4J). In

Neuron

the sucrose preference test, we compared LED-On vs. LED-
Off epochs. The photo-inhibition resulted in a significant reduc-
tion of sucrose intake in the ArchT-expressing group, whereas
no effect was observed in GFP control mice (Figure 4H). It
also greatly reduced pupil dilation induced by rewarding sucrose
stimulation (Figures 41 and 4J). On the other hand, the optoge-
netic inhibition of the Vgat+ neurons had no effect on the avoid-
ance behavior (Figures S5E and S5F), locomotion increase
(Figure S5@G), or pupil dilation (Figures S5H and S5I) induced by
aversive sensory stimulation. These data suggest that the sen-
sory-evoked activity of PCG GABAergic neurons is specifically
required for sensory-induced appetitive behavior.

PCG glutamate and GABA neurons share similar
projection patterns

Since the activation of PCG glutamatergic and GABAergic neu-
rons produced very different behavioral outcomes, we wondered
whether they projected to different downstream targets. To
address this question, we injected AAV-FLEX-GFP into the
PCG of Vglut2-Cre or Vgat-Cre mice (Figures 5A and 5C). To
our surprise, GFP-labeled glutamatergic and GABAergic PCG
axons exhibited similar projection patterns (Figures 5B and
5D), mainly on the ipsilateral side (Figures 5E and 5F). Among
the diverse brain regions targeted by PCG, structures such as
the mediodorsal nucleus of the thalamus (MD), paraventricular
thalamus (PVT), lateral hypothalamic areas (LHAs), ventral
tegmental area (VTA), lateral preoptic area (LPO), and medial
septum-diagonal band nucleus (MS/DB) were strongly inner-
vated by both the glutamatergic and GABAergic axons
(Figures 5E and 5F). Most of these structures have been impli-
cated in motivated behaviors.®7+10:38:52:57:58 Therefore, PCG glu-
tamatergic and GABAergic neurons both feed valenced sensory

(B and C) Raster plot (top) and PSTH (bottom) for spike responses of an example PCG Vglut2+ neuron (B) or Vgat+ neuron (C) to 70 dB SPL noise (left), air puff
(middle), and sucrose water delivery (right). The gray box marks the duration of sensory stimulation. Red arrow indicates the onset of sucrose water delivery.
(D) Heatmap plot of time-dependent Z score for spike responses of all tagged PCG Vglut2+ neurons (n = 121 cells from 5 mice) to noise (left) or air puff (right). Each
row represents a single neuron. The black bar above indicates the duration of the stimulation (onset is at time zero).

(E) Proportions of neurons activated by noise only, by air puff only, by both, or by none in ChR2-tagged (n = 121) and untagged (n = 177 from 5 mice) groups of
Vglut2-Cre mice.

(F) Heatmap plot of time-dependent Z score for spike responses of all tagged PCG Vglut2+ neurons (n = 37 from 3 mice) to sucrose water stimulation.

(G) Proportion of neurons activated by sucrose water delivery for tagged (n = 37) and untagged populations (n = 50).

(H) Heatmap plot of time-dependent Z score for spike responses of all recorded tagged Vgat+ units (n = 63 from 4 mice) to 70 dB SPL white noise (left) or air
puff (right).

(l) Proportions of neurons activated by noise only, by air puff only, by both, or by none in ChR2-tagged (n = 63) and untagged (n = 49 from 4 mice) groups of Vgat-
Cre mice.

(J) Heatmap plot of Z score for spikes of all recorded tagged Vgat+ units in response to sucrose consumption (n = 54 from 4 mice).

(K) Proportions of neurons showing excitatory (light red), inhibitory (blue), or no (gray) responses to sucrose water in ChR2-tagged (n = 54) and untagged (n = 80)
populations in Vgat-Cre mice.

(L) Comparison of the peak Z score within a 100 ms window in responding to noise or air puff for tagged Vglut2+ (n = 121) and Vgat+ (n = 63) neurons. ***p < 0.001,
one-way ANOVA.

(M) Comparison of the peak Z score within a 0-2 s window in responding to sucrose water delivery for Vglut2+ (n = 37) and Vgat+ (n = 54) neurons. ***p < 0.001,
t test.

(N) Schematic of fiber photometry imaging from PCG Vglut2+ neurons.

(O) Top: average percentage fluorescence change (+ SD) in responding to noise, air puffs, foot shocks, or sucrose water for an example Vglut2-Cre mouse.
Bottom: heatmap plot of fluorescence changes in all trials. The black bar indicates stimulus duration (1 s).

(P) Summary of peak fluorescence changes in responding to different stimuli in Vglut2-Cre mice. ***p < 0.001, one-way ANOVA, n =5, 5, 5, and 4 mice from left
to right.

(Q) Schematic of fiber photometry imaging from PCG Vgat+ neurons.

(R) Similar to (O) but for a Vgat-Cre mouse.

(S) Summary of fluorescence changes for Vgat-Cre mice. **p < 0.001, one-way ANOVA, n = 4, 4, 4, and 4 mice.

Error bar, SD in all plots.
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Figure 4. Effects of silencing PCG glutamate and GABA neurons on sensory-induced behaviors

(A) Schematic viral injection for silencing PCG Vglut2+ neurons.

(B) Example movement tracking in RTPP test in noise stimulation (left) and noise plus green LED (right) condition.

(C) Summary of percentage time spent in the stimulation chamber in the ArchT (left, n = 6 mice for each subgroup) and GFP groups (right, n = 5 mice for each
subgroup) under different conditions. **p < 0.01, one-way ANOVA.

(D) Summary of average speed increased in the stimulation chamber in the ArchT (left, n = 6 mice for each subgroup) and GFP groups (right, n = 5 mice for each
subgroup) under different conditions. ***p < 0.001, one-way ANOVA.

(E) Average change in pupil size in responding to noise alone (black) and noise plus LED (green) for an example Vglut2-Cre mouse. The red dotted line indicates
the stimulus onset.

(F) Comparison of normalized A pupil size between noise alone and noise plus LED conditions in ArchT (n = 6 mice) and GFP (n = 5 mice) groups. ***p < 0.001,
paired t test.

(G) Schematic viral injection for silencing PCG Vgat+ neurons.

(H) Summary of sucrose preference without and with LED illumination in the Arch T (n = 7 mice) and GFP (n = 5 mice) groups. **p < 0.01, paired t test.

(I) Average pupil size changes in responding to sucrose alone (black line) and sucrose plus LED (green line) for an example mouse. The red dotted line indicates
stimulus onset.

(J) Comparison of normalized A pupil size between sucrose alone and sucrose plus LED conditions in the ArchT (n = 7 mice) and GFP (n = 5 mice) groups.
***p < 0.001, paired t test.

Error bar, SD in all plots.

information into a large network that is highly engaged in pro- mice. In slice preparations, we performed whole-cell recording
cessing emotionally salient information. selectively from PCG glutamatergic neurons (tdTomato—) in

We further explored intra-PCG connectivity by specifically ex-  the presence of tetrodotoxin (TTX) and 4-aminopyridine (4AP)
pressing ChR2 in PCG GABAergic neurons in Vgat-Cre::Ai14  while optically stimulating PCG GABAergic neurons (Figure S6).
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Figure 5. Projection targets of PCG glutamatergic and GABAergic neurons
(A and B) Schematic viral injection (A, left) and fluorescence expression at the injection site (A, right) and GFP-labeled axons in major target regions (B) in a Vglut2-

Cre mouse. Blue represents Nissl staining. Scale bars, 200 pm.

(C and D) Target regions of PCG Vgat+ axons in a Vgat-Cre mouse. Scale bars, 200 um.
(E and F) Quantification of relative fluorescence density of GFP-labeled axons in different downstream regions of PCG Vglut2+ (E, n = 3 animals) and Vgat+ (F, n =

3 animals) neurons in the ipsilateral and contralateral side.
Error bar, SD in all plots.
Abbreviations: see STAR Methods.

Light-evoked monosynaptic inhibitory postsynaptic currents
(IPSCs) were observed in the glutamatergic neurons, indicating
that the GABAergic neurons can suppress local glutamatergic
neurons. This local inhibition suggests a competitive interaction
between the pathways mediated by the two PCG cell types,
which may contribute to their opposing valence effects.

PCG mediates aversion and reward behaviors through
distinct downstream targets

To further examine which of the downstream projections medi-
ates the PCG-dependent behavioral effects, we optically
activated ChR2-expressing axonal terminals from PCG glutama-
tergic (Figure 6A) or GABAergic neurons (Figure 6G) in each of
the aforementioned target areas and at the same time silenced
PCG cell bodies with muscimol to prevent the potential spread
of antidromic spikes to undesired targets. Bilateral stimulation
of PCG glutamatergic axons in the MD, VTA, LHA, and MS/DB
resulted in avoidance behavior (Figures 6B and 6C) and
enhanced arousal (Figures 6E and 6F). In addition, the stimula-

1494 Neuron 177, 1486-1503, May 3, 2023

tion of PCG-to-MD, PCG-to-LHA, and PCG-to-MS/DB axons
significantly increased locomotion speed (Figure 6D). However,
the stimulation of the PCG projections to PVT and LPO, in gen-
eral, had no obvious effect on aversion (Figure 6C), arousal (Fig-
ure 6F), or locomotion speed (Figure 6D), except that stimulation
of the PCG-to-LPO projection produced weak aversion (Fig-
ure 6C). Different from the glutamatergic projections, stimulation
of the PCG GABAergic projections VTA, LHA, and MS/DB (but
not MD) resulted in place preference (Figures 6H and 6l) and
enhanced arousal (Figures 6K and 6L). The stimulation of the
GABAergic projections to LPO, PVT, and MD did not produce
significant behavioral effects (Figures 61, 6J, and 6L), and none
of the GABAergic projections tested had an effect on locomotion
(Figure 6J). Together, these data suggest that PCG glutamater-
gic and GABAergic neurons may mediate aversion and
reward-related behaviors through overlapping yet distinguish-
able downstream targets.

We further tested the involvement of specific PCG projections in
sensory-induced aversion or reward-related behavior by



Neuron ¢ CellPress

PCG-LHA
A B n c 1004 n.s.
AAV-DIO-ChR2 w = *
. % S
470 nm LED Muscimol a 5
w o
- £
®
ey
. [
z £
o @
a £
- (0]
£ £
c =
2
Vglut2-Cre N

O
m
m

20 n.s. 300 n.s.
— ok 4 —
Q —_I_ E A ek
£ 154 ° =2 - —1
8 n.s. o 8 200 o
B @ o
8 104 sk g' T hakd 3 :
) o ()
Q E ()]
2 g 1009 2 P (L] g
a>3 5 ol o ‘ § ) 5
< BllALlE E ’
oL° £ ——
T T T T T 0 2 4 6 8 10
o P EFIFLOL Time (s)
O 00 00' 00'\’ 0900' I}
R7RY ¢ QO Q Qo
G H PCG-LHA I _t
- P = = 100_ K,k
5 y A"
AAV-DIO-ChR2 w —
470 nm LED Muscimol & ?’ ] ° oo 2
3 3 ns. o
- g ° o
4 S 50
z E
a 7]
a £
a o 1
£ £
; =
N~
Vgat-Cre < o711 T7
QO
ChR2 R '@ I \90 Q&\
TS R E
TR Q LR

[
A
r

-
(wrl v)

Change in pupil size (um)

Average speed (cm/s)
w
1
o

1ol o 15 '
° ° © O]
k = -50
OIIIIIQII 0 2 4 6 8 10
& \§ 4\‘?‘ &‘?* %\o \30 R\ Time (s)
ISR e
IR FPREL

Figure 6. PCG glutamatergic and GABAergic neurons mediate behavioral effects through distinguishable downstream projections

(A) Schematic viral injection and optical stimulation of PCG axon terminals in different target regions separately in Vglut2-Cre mice while silencing PCG cell bodies
with muscimol.

(B) Movement tracking traces for an example eYFP and ChR2 animal in RTPP test with optical stimulation applied to PCG glutamatergic projections in LHA.

(legend continued on next page)
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optogenetically inhibiting PCG glutamatergic/GABAergic axons
in two selected targets, VTA and LHA (Figures 7A, 7E, and 7I),
after injecting AAV encoding Cre-dependent halorhodopsin
(eNpHRS3.0). Inhibiting the glutamatergic axon terminals in both
VTA and LHA significantly attenuated the avoidance behavior
(Figures 7B and 7F) and pupil dilation (Figures 7D, 7H, S7A, S7B,
S7D, and S7E) induced by aversive, but not rewarding, sensory
stimulation (Figures S7C and S7F). In addition, inhibiting the gluta-
matergic axon terminals in LHA (Figure 7G), but not VTA (Fig-
ure 7C), reduced the locomotion effect. On the other hand, inhibit-
ing the GABAergic projections to both VTA and LHA resulted in a
reduction of sucrose intake (Figures 7J and 7L). It also attenuated
the pupil dilation induced by rewarding sucrose stimulation
(Figures 7K and 7M) but not that induced by aversive sensory stim-
ulation (Figures S7G-S7L). These results confirm that PCG relays
valence-specific signals to multiple targets to mediate sensory-
induced aversion and reward-related behaviors.

Overlapping but distinguishable inputs to PCG
glutamate and GABA neurons

Finally, we sought to identify monosynaptic inputs to PCG glu-
tamatergic and GABAergic neurons by applying cell-type-spe-
cific retrograde tracing with pseudotyped glycoprotein-defi-
cient rabies virus®®°" (Figures 8A and 8E). We found that
although the glutamatergic and GABAergic neurons shared
some common input sources, the strongest input sources
were clearly different between these two populations. The
excitatory neurons received the strongest input from the
PRN (Figures 8C and 8D), while the inhibitory neurons from
the OFC (Figures 8G and 8H), which has been shown to be
involved in regulating emotional and reward-related behav-
iors.®?®% Thus, PCG glutamatergic and GABAergic neurons
receive distinguishable inputs, possibly conferred by their dif-
ferential roles in valence processing.

DISCUSSION

In this study, with cell-type specific approaches, our data have
elucidated a circuit mediated by PCG (Figure S8C) to relay
valence-specific sensory information into an extended valence
processing network. Our results showed that PCG glutamatergic

Neuron

and GABAergic neurons play opposing functional roles: the glu-
tamatergic neurons are activated by aversive sensory stimuli and
drive avoidance behavior, whereas the GABAergic neurons are
activated by rewarding stimuli and drive appetitive behavior. In
addition, the activity of these two cell populations is sufficient
for the formation of an association of initially neutral sensory
cues with reward/aversion. Our results suggest that PCG may
serve as a critical node in bottom-up sensory pathways to pro-
cess valence-specific information of incoming sensory signals
and mediate appropriate behavioral responses.

PCG encodes opposite valences via two distinct
neuronal populations

Our previous studies have suggested that PCG can provide sen-
sory input to the MS®” and that the glutamatergic projection from
the MS to the lateral habenula can account at least partially for
the avoidance behavior induced by aversive sound stimuli.*®
However, whether PCG itself is also involved in valence process-
ing is unclear and functional roles of PCG beyond a simple
sensory relay remain poorly understood. In this study, we
demonstrated that in PCG, a sensory information processing
stage preceding the classic limbic system, valence processing
already occurs. Conforming to the definition of valence coding
neurons,> 2”55 PCG neurons have differential responses to
aversive and reward sensory stimuli: the glutamatergic neurons
are selectively activated by aversive cues across multiple sen-
sory modalities while the GABAergic neurons are preferentially
activated by reward cues. The behavioral outcomes of the acti-
vation of these neuronal populations are also negative and pos-
itive valence specific, avoidance, and preference, respectively.
Consistent with the notion that both reward and punishment
can induce emotional arousal,’’"®® the activation of both cell
types leads to elevated arousal levels. In addition, the ability to
induce CPA or CPP by activating PCG neurons alone further
supports that PCG activity is not simply for the sensory relay
but contains valence-specific information. Thus, our results
have revealed a previously unrecognized functional role of
PCG in valence processing. Through two separate neuronal
populations, PCG can encode both negative and positive va-
lences and mediate valence-specific motivational behaviors.
Interestingly, the co-existence of negative valence representing

(C) Percentage time spent in the LED-On chamber with stimulation of PCG glutamatergic projections to different target regions. “p < 0.05, ***p < 0.001, one-way
ANOVA and post hoc test; n =8, 6, 6, 5, 5, 5, and 5 mice from left to right. Control mice were pooled.
(D) Average locomotion speed during stimulation of PCG glutamatergic projections to different targets in the open-field test. ***p < 0.001, one-way ANOVA; n =8,

6, 6, 5, 5, 5, and 5 mice from left to right.

(E) Pupil size changes in responding to activation of PCG-to-LHA glutamatergic axons (30 trials) in an example animal. The trace on top represents as

mean + SEM.

(F) Summary of peak pupil size changes elicited by stimulating PCG glutamatergic projections to different targets. **p < 0.01, ***p < 0.001, one-way ANOVA; n =8,

6, 6, 5, 5, 5, and 5 mice from left to right.
(G) Similar to (A) but in Vgat-Cre mice.

(H) Movement tracking traces for an example animal in the RTPP test with optical stimulation applied to PCG GABAergic projections in LHA.
(I) Percentage time spent in the LED-On chamber with stimulation of PCG GABAergic projections to different target regions. ***p < 0.001, one-way ANOVA; n = 8,

5,6,7,7,5,and 5 mice from left to right.

(J) Average locomotion speed during stimulation of PCG GABAergic projections to different target regions in the open field test. p > 0.05, one-way ANOVA; n = 8,

5,6,7,7,5,and 5 mice from left to right.

(K) Pupil size changes in responding to activation of PCG-to-LHA GABAergic axons in an example animal.
(L) Summary of peak pupil size changes elicited by stimulating PCG GABAergic projections to different target regions. ***p < 0.001, one-way ANOVA; n=8, 5, 6, 7,

7, 5, and 5 mice from left to right. Control mice were pooled.
Error bar, SD in all plots.
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Figure 7. Silencing PCG glutamatergic and GABAergic projections to specific targets attenuates aversion and reward-related behavior,
respectively

(A) Optogenetic silencing (bilaterally) of PCG glutamatergic axon terminals in VTA.

(B) Summary of percentage time spent in the stimulation chamber in eNpHR (n = 5 mice for each subgroup) and eYFP (n = 5 mice for each subgroup) groups under
different conditions. *p < 0.05, one-way ANOVA and post hoc test.

(C) Summary of increases in average speed in the stimulation chamber. p > 0.05, one-way ANOVA.

(D) Normalized A pupil size in noise alone and noise plus LED conditions in eNpHR (n = 5 mice) and eYFP (n = 5 mice) groups. *p < 0.05, paired t test.

(E) Optogenetic silencing (bilaterally) of PCG glutamatergic axon terminals in LHA.

(F) Summary of percentage time spent in the stimulation chamber in the eNpHR (n = 5 mice for each subgroup) and eYFP (n = 5 mice for each subgroup) groups.
*p < 0.05, one-way ANOVA.

(G) Summary of increases in average speed in the stimulation chamber in eNpHR (n = 5 mice for each subgroup) and eYFP (n = 5 mice for each subgroup) groups.
**p < 0.01, one-way ANOVA.

(H) Normalized A pupil size in noise alone and noise plus LED conditions in eNpHR (n = 5 mice) and eYFP (n = 5 mice) groups. **p < 0.01, paired t test.

(I) Optogenetic silencing of PCG GABAergic axon terminals in the LHA and VTA separately.

(J) Summary of sucrose preference without and with LED illumination in eNpHR (n = 6 mice) and eYFP (n = 5 mice) groups. *p < 0.05, paired t test.

(K) Normalized A pupil size in sucrose alone and sucrose plus LED conditions in eNpHR (n = 6 mice) and eYFP (n = 5 mice) groups. **p < 0.01, paired t test.
(L) Summary of sucrose preference without and with LED illumination in eNpHR (n = 5 mice) and eYFP (n = 5 mice) groups. *p < 0.05, paired t test.

(M) Normalized A pupil size in sucrose alone and sucrose plus LED conditions in eNpHR (n = 5 mice) and eYFP (n = 5 mice) groups. **p < 0.01, paired t test.
Error bar, SD in all plots.

glutamatergic neurons and positive valence representing
GABAergic neurons in the same structure is also found for
several other brain areas including the ventral pallidum,®”%®
MS, %8 ped nucleus of the stria terminalis (BST),*® LHA,®’
and medial preoptic area (MPQ).>®> This suggests that coding
of opposite valences by neuronal populations defined by inher-

ently opponent neurotransmitter types may be a general strategy
employed in the mammalian nervous system.

Broad integration of information by PCG

The anatomical connections of different cell types in PCG, to
our knowledge, have not been characterized previously.”®
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Figure 8. Monosynaptic inputs to PCG glutamatergic and GABAergic neurons

(A) Strategy for cell-type-specific retrograde tracing of monosynaptic inputs to PCG glutamatergic neurons using pseudotyped rabies virus in Vglut2-Cre mice.
(B and C) Example images of fluorescence expression at the injection site (B) and in different input regions (C). Scale bars, 200 pm.

(D) Quantification of the relative number of cells innervating PCG Vglut2+ neurons in different brain regions in the ipsilateral (left) and contralateral (right) side (n =3
animals; bar = SD).

(E-H) Similar to (A)-(D) except for tracing of monosynaptic inputs to PCG Vgat+ neurons (n = 3 animals). Scale bars, 200 um.

Abbreviations: see STAR Methods.
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The cell-type-specific monosynaptic retrograde tracing results
indicate that the PCG glutamatergic and GABAergic neurons
receive inputs from broad, partially overlapping sources (Fig-
ure 8), including midbrain, thalamic, hypothalamic, basal fore-
brain, and cortical regions. The profiles of strengths of their
diverse inputs are clearly different. The most prominent input
to the glutamatergic neurons arises from the PRN, which is a
multisensory nucleus.”’ The PRN is thought as a sensorimotor
interface’® and multisensory information can be relayed via
PRN to other brain structures. Thus, it is likely that PCG gluta-
matergic neurons receive bottom-up multisensory input from
the PRN, which sits at a lower level in the hierarchy based on
the onset latency of responses to aversive sound stimuli.®”

Although PCG GABAergic neurons also receive bottom-up
input from the PRN, their most prominent input is interestingly
from the OFC (Figure 8), which has been shown to be involved
in processing reward value, mood, and emotion.®*"® Such circuit
design may conform to the nature of reward cues. Although there
are many innately aversive sensory stimuli, innately rewarding
cues are few and often the assignment of positive valence
strongly depends on the context, prior experience, or internal
states of the animal.'®’* Likely, the assignment of positive
valence has to be strongly modulated by top-down input, e.g.,
orbital frontal cortical input that represents appraisals of sur-
roundings or information about prior knowledge. In addition,
OFC has been shown to encode high-level cognitive signals.®>"®
By exerting influence on the valence-specific expression of moti-
vational behavior via its projection to PCG, OFC can then play a
role in the cognitive regulation of emotion. Considering the prom-
inent top-down inputs from the frontal cortex to its GABAergic
neurons, PCG may not simply serve as an important node in
bottom-up sensory pathways but can also play other roles in
emotional behaviors.

It is worth noting that PCG also receives input from the
interpeduncular nucleus (IPN), which is involved in addiction,
anxiety, and mood regulation.”®’” In addition, it receives
moderate excitatory input from the lateral habenula, a struc-
ture involved in the processing of aversive information and
mood,’® as well as from other regions known to be involved
in valence processing such as VTA and LHA.”'*"® Taken
together, the broad inputs (including both bottom-up and
top-down) to both the PCG glutamatergic and GABAergic
neurons suggest that their valence coding properties may be
modulated by a multitude of factors and their activity may
be modulated at different timescales depending upon the
source of input.

PCG broadcasts valence-specific information to an
extended brain network

Our anterograde tracing results indicate that axons from the
PCG may be divided into two ascending streams (dorsal and
ventral streams, see Figure S8C) that innervate various targets
in the midbrain, thalamus, hypothalamus, and basal forebrain.
Outputs of its glutamatergic and GABAergic neurons are
directed to essentially the same targets, including MD, LHA,
VTA, MS/DB, LPO, MPO, medial mammillary nucleus (MM),
midbrain reticular nucleus (MRN), superior central nucleus raphe
(CS), and periaqueductal gray (PAG). PCG neurons, especially
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the glutamatergic population, send dense projections to MD,
which is known to form reciprocal interactions with the prefrontal
cortex and play a critical role in complex cognitive behaviors and
decision making.®°#' PCG also innervates MS/DB, supramam-
millary nucleus (SuM), and MM, which are involved in regulating
hippocampal related functions including memory processing,
spatial learning, navigation, and theta oscillations.®** We also
found obvious projections in the MRN and CS. The former is
involved in locomotion®® and the latter plays a pivotal role in
regulating mood, fear, and anxiety®®®” as well as memory
consolidation.®® Therefore, it is likely that PCG activity can
engage a large extended brain network and that it serves as an
important hub to control a set of functions even beyond valence
processing.

Despite the apparent overlap of anatomical targets, our
behavioral tests of PCG projections to a set of selected targets
indicated that the valence effects of PCG glutamatergic and
GABAergic populations are mediated through distinguishable
downstream effectors. The negative valence effect of PCG is
achieved mainly through its glutamatergic projections to MD,
VTA, LHA, MS/DB, and LPO (Figure S8C). The positive effect is
through its GABAergic projections to VTA, LHA, and MS/DB (Fig-
ure S8C). Due to the large overlap of these targets, the local sup-
pressive effect within PCG (Figure S6) can serve as a simple
mechanism for producing opposite valence effects by the two
PCG cell types, while the difference may reflect a difference in
how negative and positive valence information is processed
downstream of PCG. Although the aforementioned structures
have all been shown to be associated with emotional processing
in numerous studies, '%'4:38:79:89°92 particular attention is drawn
to the VTA and LHA. Specifically, the activation of VTA dopami-
nergic neurons causes place preference,” and the suppression
of VTA dopaminergic neurons by activating VTA GABAergic neu-
rons leads to place aversion.®” The activation of LHA GABAergic
neurons promotes feeding and reward phenotypes,® whereas
that of LHA glutamatergic neurons suppresses feeding and
produces aversive behavioral phenotypes.” Based on these pre-
vious findings, we hypothesize that PCG glutamatergic and
GABAergic axons can converge onto single VTA GABAergic
neurons in a circuit configuration analogous to a so-called
“opposing components” motif.> By opposingly regulating the
activity of VTA dopaminergic neurons indirectly through the local
GABAergic cells, they would be able to generate opposite
behavioral effects: avoidance and preference, respectively. In
our additional slice whole-cell recording experiment, we
confirmed that individual VTA GABAergic neurons could receive
both excitatory and inhibitory inputs from PCG (Figures S8A and
S8B). Alternatively, via a “labeled lines” motif,® the PCG gluta-
matergic and GABAergic neurons may relay the negative and
positive valence information in parallel to the next-stage gluta-
matergic and GABAergic neurons, respectively, e.g., in LHA
and MS/DB, from where the valence information is further pro-
cessed. It will be of great interest to further verify these hypothet-
ical circuits in the PCG target structures in future studies. Inter-
estingly, our results showed that the activation of PCG to PVT
axons did not produce any obvious valence effect. This observa-
tion may be consistent with a recent study showing that PVT
neurons encode stimulus salience irrespective of valence.”
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In summary, our results reveal an important role of PCG in
valence processing. Importantly, we show that both excitatory
and inhibitory PCG neurons can drive motivated behavior, with
opposite valences. By broadly receiving multisensory inputs of
both aversive and rewarding nature, PCG processes and then
broadcasts positive and negative valence information of sensory
cues to an extended network critically involved in emotional/
motivational processing.
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KEY RESOURCES TABLE

Neuron

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Fluorescent Nissl Stain Invitrogen RRID: AB_2572212

Bacterial and Virus Strains

AAV1-CAG-FLEX-GFP-WPRE
AAV1-EF1a-DIO-hChR2-eYFP
AAV1-EF1a-DIO-eYFP
AAV1-CAG-FLEX-ArchT-GFP
pAAV-hSyn-hChR2 (H134R)-EYFP
pAAV-TREtight-mTagBFP2-B19G
pAAV-Syn-FLEX-splitTVA-EGFP-tTA
RVAG-4mCherry (EnVA)
pAAV-Ef1a-DIO-eNpHR-3.0-EYFP
AAV1-Syn-FLEX-GCamp6s-WPRE-SV40

A gift from Hongkui Zeng®*
A gift from Karl Deisseroth
A gift from Karl Deisseroth

A gift from Edward Boyden®®

A gift from Karl Deisseroth

A gift from lan Wickersham®°
A gift from lan Wickersham®’

A gift from lan Wickersham

A gift from Karl Deisseroth®®

A gift from Douglas
Kim & GENIE Project””

Addgene plasmid # 51502; RRID:Addgene_51502
Addgene plasmid # 20298; RRID:Addgene_20298
Addgene plasmid # 27056; RRID:Addgene_27056
Addgene plasmid # 29777; RRID:Addgene_29777
Addgene plasmid # 26973; RRID:Addgene_26973
Addgene plasmid # 100799; RRID:Addgene_100799
Addgene plasmid # 100798; RRID:Addgene_100798
N/A

Addgene plasmid # 26966; RRID:Addgene_26966
Addgene plasmid # 100845; RRID:Addgene_100845

Chemicals, peptides, and recombinant proteins

Kwik-Cast Sealant
Paraformaldehyde
NaCl

KClI

NaHCO3

MgCI2

CaCl2

Glucose

Sucrose

Agarose

DAPI

Dil
Muscimol,>98%; Tocris; 10mg

WP, Inc.

Alfa Aesar OmniPur
OmniPur
Mallinckrodt
EMD Chemicals
J.T. Baker

EMD Chemicals
Sigma

Millipore
OmniPur
ACDbio
Invitrogen
Fisher Scientific

KWIK-CAST
10194340
UI27FZEMS
7447-40-7
48204847
7791-18-6
41046444
SLBC6575V
D00168514
3332C511
323108
D282

28910

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: Ai14

Mouse: VGIuT2-ires-Cre mice
Mouse: VGAT-ires-Cre mice

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

RRID: IMSR_JAX:000664
RRID: IMSR_JAX:007914
RRID: IMSR_JAX: 016963
RRID: IMSR_JAX: 016962

Oligonucleotides

RNAscope Probe-Mm-Sic17a6
RNAscope Probe-Mm-Sic32a1

Advanced Cell Diagnostics
Advanced Cell Diagnostics

Cat# 319171-C2
Cat# 319191-C3

Software and algorithms

Data acquisition with Labview

Custom-written MATLAB code for analysis

Allen Reference Atlas
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LabVIEW

MATLAB

Dong™®

http://www.ni.com/en-us/
shop/labview.html;

RRID: SCR_014325
http://www.mathworks.com/;
RRID: SCR_001622
http://www.brainmap.org/;
RRID: RRID: SCR_008848

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Offline sorter Plexon http://plexon.com/;
RRID: RRID: SCR_000012

Prism GraphPad https://www.graphpad.com/
scientific-software/ prism/;
RRID:SCR_002798

Custom-written python code for analysis Python https://www.python.org/;
RRID:SCR_008394

OpenCV library OpenCV https://opencv.org;
RRID: SCR_015526

Fiji NIH https://fiji.sc/;
RRID:SCR_002285

Original code for analysis of behavioral data https://doi.org/10.5281/ https://doi.org/10.5281/

zenodo.7604169 zenodo.7604169

Other

Free Field Speaker TDT MF1 N/A

Sound-Attenuation Booth Gretch-Ken Industries N/A

NI board for sound generation National Instrument PCI-6731

Microvalve Lee Co. LFAA1209512H

Optrode Neuronexus Technologies A1x16-Poly2-5mm-50 s-177-OA16LP

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Lil. Zhang
(lizhang@usc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
e All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOlIs are listed in the key
resources table.
® Any additional information required to reanalyze the data reported in this paper is available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experimental procedures in this study were in accordance with the guidelines for the care and use of laboratory animals of the US
National Institutes of Health (NIH), and were approved by Animal Care and Use Committee (IACUC) of the University of Southern Cal-
ifornia. Experiments were performed in adult (2-4 months old) male and female mice. The Vglut2-ires-Cre (stock # 016963), Vgat-ires-
Cre (stock # 016962), Ai14 (Cre-dependent tdTomato reporter line; stock # 007914) and C57BL/6J (stock # 000664) mice were ob-
tained from the Jackson Laboratory and were housed with a 12 h light-dark cycle, at 18—23°C temperature and 40-60% humidity. All
recordings and behavioral tests were conducted in the dark cycle.

METHOD DETAILS

Abbreviation of mouse brain structures

All mouse brain structures in this study are referenced to the Allen Brain Atlases (https://atlas.brain-map.org). ARH, arcuate hypo-
thalamic nucleus; BST, bed nuclei of the stria terminalis; CNU, cerebral nuclei; CTX, cerebral cortex; CB, cerebellum; CUN, cuneiform
nucleus; CS, superior central nucleus raphe; DMH, dorsomedial nucleus of the hypothalamus; DR, dorsal nucleus raphe; DTN, dorsal
tegmental nucleus; DB, diagonal band nucleus; fr, fasciculus retroflexus; HPF, hippocampal formation; HY, hypothalamus; IMD, in-
termediodorsal nucleus of the thalamus; IPN, interpeduncular nucleus; IF, interfascicular nucleus raphe; ICe, external cortex of the
inferior colliculus; LH, lateral habenula; LS, lateral septal nucleus; LPO, lateral preoptic area; LHA, lateral hypothalamic area; MOB,
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main olfactory bulb; MB, midbrain; MY, medulla; MH, medial habenula; MD, mediodorsal nucleus of the thalamus; MS/DB, medial
septum and diagonal band nucleus; MPN, medial preoptic nucleus; MOs, second motor area; MA, magnocellular nucleus; MPO,
medial preoptic area; MM, medial mammillary nucleus; OFC, orbitofrontal cortex; OT, olfactory tubercle; PVT, paraventricular
nucleus of the thalamus; PAG, periaqueductal gray; PG, pontine gray; PCG, pontine central gray; PRN, pontine reticular nucleus;
PL, prelimbic area; P, pons; RSP, retrosplenial cortex; SOC, superior olivary complex; SC, superior colliculus; Sl, substantia innom-
inate; SuM, supramammillary nucleus; SNr, substantia nigra reticular part; TH, thalamus; VTA, ventral tegmental area; VMH, ventro-
medial hypothalamic nucleus; VM, ventral medial nucleus of the thalamus; ZI, zona incerta.

Viral injection

AAV1-CAG-FLEX-GFP-WPRE (Addgene, 51502), AAV1-EF1a-DIO-hChR2 (H134R)-EYFP-WPRE (Addgene, 20298), AAV1-Ef1a-
DIO-eNpHR 3.0-EYFP (Addgene, 26966), AAV1-hSyn-hChR2 (H134R)-EYFP (Addgene, 26973), AAV1-EF1a-DIO-eYFP-WPRE
(Addgene, 27056), AAV1-CAG-FLEX-ArchT-GFP (Addgene, 29777), AAV1-Syn-FLEX-GCaMP6s-WPRE-SV4 (Addgene, 100845),
AAV1-Syn-FLEX-TVA-EGFP-tTA (Addgene, 100798), AAV1-TREtight-mTagBFP2-B19G (Addgene, 100799),°°° RVAG-4mCherry
(EnvA)®" were used in this study. Stereotaxic injection of viruses was conducted as we previously described.?*~'°" Mice were placed
on a heating pad and were anesthetized with 1.5% isoflurane (in oxygen) by inhalation during the whole surgery procedure. Bupre-
norphine was injected subcutaneously after anesthesia. After asepsis, a small incision was made on the skin and the muscles were
slightly removed to expose the skull. For virus injection, a 0.2 mm craniotomy window was made for the target region (PCG, AP
—5.5 mm, ML +0.4 mm, DV —3.2 mm). Stereotaxic coordinates of injection were based on the Allen Reference Atlas www.brain-
map.org. For pressure injection, the virus was delivered through a pulled glass micropipette with beveled tip (~20 um diameter)
via a micropump (World Precision Instruments). The volume for each injection was 50 nl and injected at a rate of 15 nl/min. For ionto-
phoresis injection, 3 pA current was applied (7 sec on, 7 sec off cycle) for 5 min. The pipette was allowed to rest at the injection site for
5 min before being withdrawn slowly. The scalp was then sutured. After the surgery, antibiotic ointment was applied to the surgery
wound before returning the animals to their home cages. Ketoprofen (0.5 mg/kg) was applied for three days following all the surgeries.
Viruses were expressed for at least 3 weeks before behavioral, tracing or recording experiments. After each experiment, the brain
was sectioned and automatically imaged under a confocal microscope to confirm viral expression. To trace the monosynaptic input
to Vglut2+ or Vgat+ neurons in PCG, AAV1-Syn-FLEX-TVA-EGFP-tTA and AAV1-TREtight-mTagBFP2-B19G were mixed (1:1) and
stereotactically injected into PCG of Vglut2-Cre or Vgat-Cre mice, after one week, RVAG-4mCherry (EnvA) was injected at the
same site.

Optogenetic manipulation

For optogenetic manipulations, optical fibers were implanted into the targeted region two weeks after the virus injection (PCG, bilat-
eral implantation, AP —5.5 mm, ML +1.75 mm, DV —3.1 mm, with a 15° angle; MD, bilateral implantation, AP —1.2 mm, ML +1.5 mm,
DV —3.0 mm, with a 15° angle; PVT, unilateral implantation, AP —1.2 mm, ML +0.6 mm, DV —2.7 mm; with a 10° angle; LHA, bilateral
implantation, AP —1.5 mm, ML +1.2 mm, DV —4.7 mm, with a 10° angle; LPO, bilateral implantation, AP +0.2 mm, ML +1.2 mm, DV
—4.5 mm, with a 10° angle; VTA, AP —3.2 mm, ML +1.5mm, DV —4.3 mm, with 11° angle; MS, unilateral implantation, AP + 0.85 mm,
ML +0.5 mm, DV —3.6 mm, with a 10° angle;). Animals were anesthetized with 1.5% isoflurane and a small hole was drilled. The optic
cannulas (200 pm core, NA=0.22, RWD Inc.) were lowered into the targeted depth and was fixed with dental cement. A metal screw
for head fixation was mounted on the top of the skull for animal pupil size tests. After surgery, the animals were allowed to recover for
at least 3 days before the experiments. Before any behavioral tests, mice were connected to optical cables without LED stimulation
for habituation for three days. To block the light leak, a black tape wrapped around the connection between optical cable and im-
planted ferrule. For all the optogenetic activation experiments, the blue LED source (470 nm, 20 Hz, 5-ms duration, Thorlabs) was
used. For the optogenetic silencing experiments, the green (530 nm, Thorlabs) or yellow light (589 nm, Thorlabs) was delivered
continuously. All light was delivered at about 7-10 mW (measured from the fiber tip). For noise or air puff-induced place aversion
test combined with optogenetic inhibition, green LED light and 80 dB SPL noise or air puff were delivered simultaneously. For stim-
ulation of PCG projections in different target regions, 100 nL muscimol (0.7 mM in ACSF with 5% DMSO) was applied to the PCG viaa
pipette connected to a microinjector before behavioral tests to silence PCG neurons. All the control groups received the same exper-
iment procedures and light stimulation. After each experiment, animals were transcardially perfused and examined the location of the
viral expression and the track of optical fibers.

Awake head-fixed animal preparation

For awake recording from head-fixed animal preparations, the procedures were similar as previously described.*”'%?7% Mice were
placed on a heating pad and anesthetized with 1.5% isoflurane, and a screw for head fixation was mounted on top of the skull with
dental cement. One day before the recording, a craniotomy window was made over the recording region (PCG: AP —5.4 — —5.7 mm,
ML +0.4 mm, DV —3.1 — —3.5 mm). Silicone adhesive (Kwik-Cast Sealant, WPI Inc.) was applied to cover the craniotomy window until
the recording sessions. Animals were allowed to recover for one week before all the recording experiments. Mice were trained to run
freely on a rotatable plate during the recovery period.
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Sound generation

The sound stimulation and data acquisition were generated by custom-written software in LabVIEW (PCI-6731 NI board for sound
generation, 16-bits output, 1MHz sampling rate, National Instruments, Austin, TX). For in vivo head-fixed recording, broadband white
noise (100-ms duration, 50 trials, with-5-s inter-stimulus interval) at 70 dB SPL were applied. An open field speaker (MF1, Tucker-
Davis Technologies) was placed to the contralateral side and 10 cm away from the ear. For noise-induced pupil dilation test, 70
dB SPL white noise (3-s duration, 30 trials, 30-s inter-stimulus interval) were used. For noise-induced place aversion test, 80 dB
SPL white noise was continuously delivered through a speaker which was placed in a corner of the designated stimulation chamber
whenever the mouse entered that chamber.

Air puff stimulation

The air puffs were generated by the center air with an internal pressure of around 40-55 psi. A microvalve (LFAA1209512H, Lee Co,
ESSEX, CT) was used to deliver and control the intensity of the air puff. For in vivo awake mice recoding, air puffs were delivered to the
back of the mouse with minimum waiting intervals of 60 s. For air puff induced place aversion, a battery powered fan was used to
deliver the continuous wind blow in the designated stimulation chamber. For air puff induced pupil size change, we followed previous
methods,””'°® a small tube was positioned behind the mice’s back and air puffs (3-s duration, 30 trials, with 60 s inter-stimulus in-
terval) were delivered to the body of the mouse in the head-fixed mice.

Pharmacological silencing

For pharmacological silencing of PCG, mice underwent a drug cannula implantation surgery one week before the pharmacological
manipulation. Surgery procedure was similar to optical fiber implantation as described above. Mice were anesthetized with isoflurane
and a drug cannula (internal diameter: 140 um) was implanted bilaterally into the PCG. Fluorescent muscimol-bodipy (0.7 mM in
ACSF with 5% DMSO) or saline was infused via the implanted cannula ten minutes before behavioral tests. A thin pipette connected
with a microinjector for drug injection was inserted through the implanted drug cannula, and muscimol (100 nL, per hemisphere) was
slowly perfused into the PCG bilaterally. The mouse was perfused transcardially to examine the location of cannula and drug spread
after the experiments.

Optrode recording

All the in vivo recordings were performed in a sound-attenuation room (Acoustic Systems) as previously described.®”*® Silicon seal
was removed, then a 16-channel silicon probe (NeuroNexus Technologies) was lowered into the target brain structure. To identify
glutamatergic or GABAergic neurons in the PCG, an optrode (A1x16-Poly2-5mm-50 s-177-OA16LP, 16 contacts separated by
50 um, the distance between the tip of the optic fiber and the probes is 200 um, NA 0.22, Neuronexus Technologies) connected
to a LED light source (470 nm, Thorlabs) via an optic fiber was lowered into the target brain structure. To identify ChR2+ neurons,
16-Hz (5-ms pulse duration, controlled via an Arduino microcontroller) LED pulse trains were delivered intermittently. All signals
were recorded and saved for offline analysis. The silicone probe was coated with Dil (Invitrogen) to label the electrode track.

Intraoral infusion of sucrose water

An intraoral cheek fistula surgery was performed following previous studies.>*'°” Briefly, a soft silastic tubing was subcutaneously
inserted to the oral cavity of the mouse through a small incision on cheek. The tube was adhesive to the cheek with sutures. This
approach allowed us to precisely control the time and volume of sucrose or water delivered into the mouth. For passive sucrose water
delivery, the mouse was water deprived for 12 h. After recovery from the surgery, a micro pump (Lee-Company) was used to infuse
sucrose water (5% w/v, with 30 s intervals) into the oral cavity through the tube. A custom-written LabVIEW program was used to
serve as a trigger signal for each trial.

Fiber photometry recording

To obtain calcium signals, 480 nm LED light (Thorlabs) was bandpass filtered (ET470/24M, Chroma), focused by an objective lens
(Olympus), and coupled through an optical fiber (O.D.= 400 um, NA = 0.48, 1 m long, Doric) connected to an implanted optic fiber
(400 pm, NA = 0.5, Thorlabs) via a ceramic sleeve. The LED power was set at 0.02 mW at the tip of the optical fiber. At this power,
no significant photobleaching was observed. The fluorescence calcium signal was bandpass filtered (ET525/36M, Chroma) and
collected by a photomultiplier tube (H11706-40, Hamamatsu), and then passed through an amplifier (Model SR570, Stanford
Research System) and low-pass filtered (30 Hz). Then the current output was converted to a voltage signal by a data acquisition
card (PCI-MIO-16E-4, National Instruments). The photometry voltage signals were digitized at 250 Hz and recorded by LabView soft-
ware. Data were obtained using custom LabVIEW software and off-line analyzed using custom MATLAB software. No movement-
related artifact has been detected in our system.

Behavioral experiments

All behavior tests were conducted in a sound-attenuation booth (Acoustic Systems) during the dark cycle of the mice. All the behav-
ioral videos were recorded and saved for further offline analysis.
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Real-time place preference test

We carried out the RTPP test following our previous studies.*® Mouse implanted with optic fibers was placed in a white plastic box
(40 cm x 20 cm x 20 cm) with two compartments. The mouse could freely explore between the two compartments through a small
opening. For each test session, the mouse was first put into the non-stimulation (randomly assigned) chamber. Whenever the mouse
entered the other chamber, 470 nm blue LED (20 Hz, with 5-ms duration) or 530 nm green LED (continuous stimulation) was delivered
until the animal exited. The total duration of each session was 20 min. After each session, the chamber was cleaned with 70% alcohol.
Conditioned place aversion or preference test

A clear acrylic behavior box (50 cm x 25 cm x 25 cm) was divided into three chambers. The three chambers were separated by a
corridor and have distinct walls drawings, floor, and shape.

The middle chamber has a grey smooth metal plate floor, the left chamber has black and white stripes on the walls and a grid-wire
floor, and the right chamber has black and white squares on the walls and a parallel-wire floor. On day 1 (pre-conditioning day), mice
freely explored the chambers for 20 min without light. On the 2nd and 3rd day (conditioning days), mice were confined to one of two
sides and received either no stimulation or photostimulation (20 Hz, 5 ms pulse duration) for 20-minute periods in the morning and
afternoon, respectively. The stimulation chamber was assigned randomly to the animal. On the 4th day (test day), the animal was
placed in the middle chamber and could freely get access to all chambers for 20 min.

Pupil diameter tracking and offline quantification

For pupil monitoring, the mouse head was fixed using a previously implanted head screw and the mouse body was restricted within a
rectangle barrel. The mouse eye was illuminated by an infrared LED light source (LIU780A, Thorlabs) and a camera was used to
monitor the left or right eye of the mouse and the video of eye images was acquired by Fly Capture2 software. For PCG activation
or terminal activation experiments, blue LED (20 Hz, 5-ms pulse duration, 30-trials, with 30-s inter-stimulus interval) was applied bilat-
erally. For PCG inhibition combined with sensory stimuli, bilateral green LED was applied continuously, and sensory stimulation was
presented for 3-s after 2-s of the baseline activity. The total recording duration of each trial was 10-s. The pupil size was analyzed
offline with Python 3.4: each frame was Gaussian filtered and the black pupil was extracted using a threshold adjusted for each
experiment. A few frames were dropped due to the eye blink and the corresponding pupil size value was estimated using interpolation
based on 5 frames before and after the eye blink."® For pupil diameter analysis, the baseline was defined as a period of 2-s before LED
or sensory stimulation onset. We then calculated the change in pupil size by averaging for a period of 2 to 5-s following the onset of
the stimulus, then the peak amplitude of pupil size during the stimulation was calculated and normalized. Trials without LED or sen-
sory stimuli were used as the control to evaluate the spontaneous fluctuations of pupil size.

Open field test

Mice were placed in a white plastic test box (60 cm x 60 cm X 30 cm) to test the baseline locomotion activity. They were allowed to
move freely to habituate for 5-10 min. Each animal was tested for 1 session per day and each session lasted 16 min, during which blue
LED stimulation (20 Hz, duration 60-s, with a 180-s inter-stimulus interval) was applied. The animal’s movement track was recorded
by an overhead camera.

Food intake test

Food intake test was performed in a white plastic box (40 cm x 20 cm X 20 cm) with two compartments. Mice were housed with food
and water ad libitum. Before the behavioral test, the animal was food deprived for 24 h with water ad libitum. The mouse was first put
into the non-stimulation (randomly assigned) chamber, whenever the mouse entered the other chamber, blue LED stimulation (20 Hz,
5-ms duration) was continuously applied until the animal exited. Standard grain pellets were used as the food sources and put itin the
corner of LED-stimulated chamber. The total duration of each session was 20 min. The weight of food consumed was measured after
the test block.

Sucrose preference test

Mice were first trained for 30 min daily over 5 d to consume either a sucrose solution or only water, from two sipper tubes presented in
a custom-built chamber, until they reached a stable preference for sucrose. Animals were water deprived for 24 h before the test and
then exposed to one bottle of 2% sucrose water and one bottle of pure water for 1 h. Bottle positions were switched after 30 min. For
ArchT-expressing mice, a green LED source (530 nm, constant illumination) were delivered for 1 h. The sucrose preference index was
calculated as (sucrose consumption — water consumption) / (sucrose consumption + water consumption).

Foot shocks

Animals were placed into an acrylic box (25 cm x 25 cm x 30 cm) with metal grid floor. The foot shocks (0.5 mA, 1-s duration) were
randomly delivered with inter-trial intervals of 120 s. Shock delivery onset was used as the trigger event for data alignment.

Real-time animal detection and closed-loop optogenetic control

Customized software was used for online real-time animal detection (Python 3.4, http://www.python.org/ with OpenCV library,
https://opencv.org/).'®® The behavior of the animal was monitored using an infrared camera at 24fps. Each frame was gaussian
blurred and then binarized. The gravity center for the detected contour was used to determine the location of the animal. In the
two-chamber place preference test, the stimulation chamber was randomly assigned (balanced within the group) to each animal.
Once the mouse entered the stimulation chamber, a computer-controlled Arduino microcontroller (https://www.arduino.cc/) would
generate TTL signals to drive the LED light source (ThorLabs Inc.). The behavior test was run automatically without experimenter’s
interference and the result was calculated right after each experiment.

e5 Neuron 777, 1486-1503.e1-e7, May 3, 2023


http://www.python.org/
https://opencv.org/
https://www.arduino.cc/

Neuron ¢ CellP’ress

RNAscope assay

RNAscope hybridization was performed using the RNAscope Multiplex Fluorescent Reagent Kit v2 Assay (ACD). The assay was per-
formed according to its manufacturer’s instructions. The staining procedures were similar as we previously described.'%° Briefly,
wild-type mice were transcardially perfused, and the brains were removed and post-fixed in 4% paraformaldehyde (PFA) for 24 h
at 4°C. Then the brain tissue was dehydrated sequentially in 20% and 30% sucrose. Coronal brain sections were cut at 40 um using
a cryostat (CM3050S, Leica). Collected sections were mounted on slides and baked for 30 min at 60°C and post-fixed in 4% PFA for
15 min at 4°C. Then, the sections were dehydrated in increasing ethanol concentrations (50%, 70% and 100%), followed by incu-
bation of Hydrogen Peroxide for 10 min at room temperature (RT). Next, target retrieval was made by immersing the slides into double
distilled (dd) H>O for 10-s and into Retrieval Reagent for 5 min at 99°C in a humidity saturated environment. The slides were cooled in
dd H,0 for 15-s, then transferred to 100% alcohol for 3 min at RT. Then, the sections were incubated in Protease Il for 30 min at 40°C,
followed by wash with dd H,O. The sections were incubated with RNAscope probes—Mm-Sic17a6 (Vglut2), Mm-Sic32a1-C2 (Vgat)
for 2 h at 40°C, followed by amplifying hybridization processes (AMP1 and AMP2 for 30 min; AMP3 for 15 min). Finally, the HRP
probes (HRP-C1, HRP-C2) were hybridized for 15 min at 40°C, followed by 30 min incubation with Opal fluorescent ligands (Opal
570, and Opal 690, 1:1500 dilution) for 30 min at 40°C sequentially. The HRP blocker was applied for 15 min at 40°C between
each HRP probe hybridization. Finally, the sections were counterstained with DAPI for 30 s at RT, before placing the coverslips. Fluo-
rescence images were acquired using a confocal microscope with a 10x objective.

Slice recording
To examine the connectivity between PCG GABAergic and glutamatergic neurons, Vgat-Cre::Ai14 mice injected with AAV1-
EF1a-DIO-hChR2 (H134R)-EYFP-WPRE in PCG were used for slice recording. To confirm the connectivity between PCG axons
and VTA GABAergic neurons, Vgat-Cre::Ai14 mice injected with AAV1-hSyn-hChR2 (H134R)-EYFP in PCG were used for slice
recording. After three weeks injections, the in vitro acute brain slice recording was performed. Animals were anesthetized by urethane
and then decapitated and the brain was rapidly removed and immersed in an ice-cold dissection buffer (composition: 60 mM NacCl,
3 mM KCl, 1.25 mM NaH,PQO,4, 25 mM NaHCO3, 115mM sucrose, 10 mM glucose, 7 mM MgCI2, 0.5 mM CaCl,; saturated with 95%
0, and 5% CO,; pH = 7.4). The brain slices were coronally sectioned into 300-um-thick sections with a vibratome (Leica VT1000s).
Slices were allowed to recover for 30 min in a submersion chamber filled with the warmed (35 °C) ACSF (composition, 119 mM NaCl,
26.2 mM NaHCO3, 11 mM glucose, 2.5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 1.2 mM NaH,PO,4, 2 mM sodium pyruvate, 0.5 mM VC).
PCG neurons labeled with tdTomato (Vgat-Cre-tdTomato mice), VTA GABAergic neurons labeled with tdTomato (Vgat-Cre-
tdTomato mice) or surrounded by EYFP+ fibers were visualized under a fluorescence microscope (Olympus BX51 WI). Patch pipettes
(resistance of ~4-5 MQ) filled with a cesium-based internal solution (composition, 125 mM cesium gluconate, 5 mM TEA-CI, 2 mM
NaCl, 2 mM CsCl, 10 mM HEPES, 10 mM EGTA, 4 mM ATP, 0.3 mM GTP and 10 mM phosphocreatine, pH 7.25; 290 mOsm) were
used for whole-cell recordings. Signals were recorded with an Axopatch 700B amplifier (Molecular Devices) under voltage-clamp
mode at a holding voltage of -70 mV for excitatory currents, filtered at 2 kHz and sampled at 10 kHz. Tetrodotoxin (TTX, 1 pM)
and 4-aminopyridine (4-AP) (1 mM) were added to the external solution for recording monosynaptic responses to blue light stimula-
tion (5-ms pulse, power of 3 mW, 10-30 trials).

Histology, imaging, and quantification

Following all experiments, the animals were deeply anesthetized under isoflurane and perfused transcardially with phosphate-buff-
ered saline (PBS) followed by 4% PFA. The brain was removed and post-fixed with 4% PFA for 24 h at 4°C. It was coronally sectioned
into 150-pum-thick sections with a vibratome (Leica Microsystems). The free-floating sections were first washed three times with PBS
for 10 min each time. The sections were then stained with Nissl reagent (Deep red, Invitrogen) for 3 h at room temperature. Aluminum
foil was used to shield the sections from light. All the slices were examined under a confocal microscope (Olympus FluoView FV1000).
To quantify the relative density of axonal projections of PCG neurons in downstream structures, brain regions of interest were
collected and imaged and scanned at 10x magnification with the same parameters (such as laser power, scan speed, auto gain
and offset value). Fluorescence quantifications were performed using FIJI (Imaged. 2.1.0, NIH) by converting the images into mono-
chromatic. Intensity value of the interest brain regions (200 x 200 pixel) were normalized to the baseline value. Four sections were
collected and averaged for each of brain structures. The fluorescence density for each target structure was normalized for each an-
imal and averaged across the animal group.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

For multichannel optrode recordings, spike trains were sorted offline. The signals were filtered through a bandpass filter (0.3—3 kHz).
The 16-channel probes were grouped into four tetrodes and then performed semiautomatic spike sorting by using Offline Sorter
(Plexon) following our previous studies.*®'%* To identify the units driven directly by ChR2 activation, we analyzed the onset latency
of spikes relative to the onset of light stimulation. Only spikes with latency < 3-ms were considered as being directly stimulated in this
study. The average waveforms were computed and compared between LED-evoked and sensory-evoked spikes. For noise and air
puff response quantification, the Z score was calculated as the firing rate (calculated within a 100-ms window after the stimulus onset)
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divided by the standard deviation of the baseline firing rate (calculated within a 50-ms window before the stimulus onset), with 1-ms
bin. For sucrose response quantification, firing rates were normalized to the baseline activity by calculating a Z score, with 10-ms
bin,'® and for each cell, the evoked response within 2 s after the stimulus onset was compared.

Statistics

Shapiro-Wilk test was first used to examine whether samples had a normal distribution. In the case of a normal distribution, para-
metric tests were used. For two group comparison, significance was determined by using Student’s t test. Paired t test was used
to compare data from the same neuron or the same animal. One-way ANOVA followed by LSD or Tukey post hoc comparison
was used for multiple comparisons. Significance level was marked as *: p < 0.05; **: p < 0.01; and ***: p < 0.001. Data are presented
as mean + SD, unless otherwise indicated. Statistical analysis was conducted using SPSS (IBM).
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