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Abstract

Panic disorder is characterized by uncontrollable fear accompanied by somatic symptoms

that distinguish it from other anxiety disorders. Neural mechanisms underlying these unique
symptoms are not completely understood. Here we report that the pituitary adenylate cyclase-
activating polypeptide (PACAP)-expressing neurons in the lateral parabrachial nucleus projecting
to the dorsal raphe (DR) are crucial for panic-like behavioral and physiological alterations.
These neurons are activated by panicogenic stimuli but inhibited in conditioned fear and
anxiogenic conditions. Activating these neurons elicits strong defensive behaviors and rapid
cardiorespiratory increase without creating aversive memory, whereas inhibiting them attenuates
panic-associated symptoms. Chemogenetic or pharmacological inhibition of downstream PACAP
receptor-expressing DR neurons abolishes panic-like symptoms. The pontomesencephalic
PACAPergic pathway is therefore a likely mediator of panicogenesis, and may be a promising
therapeutic target for treating panic disorder.

Anxiety disorders constitute the most common class of psychiatric diseases, encompassing
posttraumatic stress disorder, generalized anxiety disorder, phobic disorders, and panic
disorder?. Patients with panic disorder experience recurrent spontaneous panic attacks,
which begin with feelings of uncontrollable fear and/or distress and rapidly progress to
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severe autonomic symptoms (e.g., palpitation, hypertension, dizziness, nausea, vomiting,
abdominal discomfort)2-4. This combination of unconditioned fear and somatic symptoms
distinguishes panic disorder from other anxiety disorders. Previous neuroanatomical studies
have proposed several candidate brain regions for panic disorder pathogenesis, including
the amygdala, thalamus, hypothalamus, periaqueductal gray, locus coeruleus, and lateral
parabrachial nucleus (PBL)>6. While the amygdala is often considered to be a likely
primary mediator of panic disorder given its role in the fear response and panic attacks’~

9. studies of patients with bilateral amygdala lesions revealed that this structure is not
necessary for fear induction and panicogenesis following CO, inhalation1%-12, The PBL
regulates autonomic functions (e.g., cardiorespiratory activity, body temperature), relays
multimodal aversive sensory signals to the amygdala3-16, and, compellingly, coordinates
breathing rate with anxietyl’. Furthermore, the PBL is activated by panicogenic conditions
in rodents819, and possibly in humans20-21, The PBL is therefore a promising candidate
for the neural substrate of panicogenesis. However, studies have yet to identify the specific
neuronal populations and circuit configurations that underlie panicogenesis.

Pituitary adenylate cyclase-activating polypeptide (PACAP, encoded by the gene AdcyapI)
is expressed abundantly in the PBL (Allen Brain Atlas, experiment 74511882), and
mediates stress-induced behavioral and physiological responses22-26. Furthermore, human
studies showed that epigenetic and genetic alterations in the ADCYAPI and ADCYAPIRI
genes (the latter encoding the PACAP type 1 receptor; PAC1R) are associated with panic
disorder2”:28, Therefore, we hypothesize that PBL PACAP neurons are crucial for panic-
specific behavioral and somatic symptoms in mice.

Using cell type- and projection-specific circuit monitoring, manipulation, and mapping
techniques, we report that PBL PACAP neurons projecting to the dorsal raphe nucleus
(DR) (PACAPPBL™DR) are activated by panicogenic stimuli (i.e., 10% CO, and the
B-carboline GABA receptor inverse agonist, FG-71422%) and inhibited by anxiogenic
stimuli and conditioned fear. Activating these neurons evoked robust defensive behaviors
and strong cardiorespiratory activation without forming associative fear memory. Inhibiting
these neurons themselves or their downstream PAC1R-expressing target neurons in the

DR blocked the behavioral and autonomic responses to panicogenic conditions in mice.
These findings delineate a novel neural mechanism underlying panic-specific behavioral
and somatic symptoms, which may facilitate the identification of therapeutic targets for the
treatment of panic disorder.

Opposing PACAPPBL=DR neyral responses to panicogenic and anxiogenic stimuli

The PBL is connected to many regions of the brain, including those involved in fear/
anxiety and autonomic functions3. We expressed EYFP specifically in PACAPPBL neurons
by stereotaxically injecting an AAV that expresses EYFP in a Cre-dependent fashion
(AAV-DIO-EYFP) into the PBL of Adcyap1C* mice. EYFP localization revealed that
PACAPPBL neurons innervate the central nucleus of the amygdala (CeA), the bed nucleus
of the stria terminalis (BNST), and the DR (Extended Data 1a,b). To determine whether

the same neurons collaterally project to all three areas, we labeled PACAPPBL neurons in
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a projection-specific manner. We injected retrograde AAV viruses that express mCherry

or EYFP in a Cre-dependent manner (retroAAV-DIO-mCherry and retroAAV-DIO-EYFP)
into the CeA and DR, respectively (Fig. 1a). Interestingly, the two fluorescent signals did
not overlap in the PBL, indicating that two distinct populations of PACAPFPBL neurons
project divergently to different downstream areas. Dorsal lateral PACAPPBL neurons project
to the DR (PACAPPBL—DR) "and external lateral PACAPFPBL neurons project to the CeA
(PACAPPBL—CeA) and presumably to the BNST20, Previous studies have shown that the
PBL PACAP neurons projecting to the CeA and BNST are involved in both anxiety-like
behavior and pain perception31:32, However, given that humans with bilateral amygdala
lesions still experience fear induction and panicogenesis during CO; inhalation1%-12, we
sought to investigate the as-yet undetermined role of DR-projecting PACAPPBL neurons in
panic-like behaviors.

To monitor the response of PACAPPBL—DR neyrons to various behavioral conditions,

we labeled PACAPPBL™DR neyrons in a projection-specific manner by delivering two
AAV vectors into the AdcyapIC* mice. First, a Cre-dependent retroAAV encoding Flp-
recombinase (retroAAV-DIO-FIpO) was injected unilaterally into the DR, resulting in the
expression of Flp-recombinase in PACAPFBL neurons projecting to the DR. Then, an AAV
that expresses GCaMP6s in a Flp-dependent manner (AAV-fDIO-GCaMP6s) was injected
unilaterally into the PBL, resulting in the expression of GCaMP6s in PACAPPBL—DR
neurons labeled with FIpO. An optic ferrule was implanted in the PBL of these same

mice (Fig. 1b). Three weeks later, these mice were subjected to panicogenic conditions
and calcium activity of PACAPPBL—DR neyrons was monitored with fiber photometry (Fig.
1c-I).

CO3, challenge is a well-established experimental model for panic in both animal models and
patients with panic disorder33-35. Animals were subjected to a two-day paradigm consisting
of a habituation period (day 1) followed by exposure to 10% CO» or regular air (day 2;

Fig. 1c). As reported previously33:34, mice exposed to 10% CO, for 10 min traveled less
distance in the testing arena than control mice exposed to air (Extended Data 2a). Mice
exposed to 10% CO, also exhibited marked immobile behavior compared with controls (Fig.
1d) (note that we use the term “immobility” to describe non-moving behaviors in response
to panicogenic conditions, while the term “freezing” will refer to a more typical defensive
behavior in response to electric foot shock). Monitoring PACAPPBL—DR neyronal activity
during these tests revealed a robust increase in activity during 10% CO, exposure (Fig.

1e). Given that hyperventilation is a well-known symptom of a panic attack in humans24,
we also used collar sensors to monitor respiratory activity in a separate cohort of mice.

We observed elevations in breathing and heart rate followed by a decrease in heart rate
during the 10 min of 10% CO, exposure (Fig. 1f,g). The observed sequence of heightened
breathing and heart rate followed by a decrease in heart rate during the 10% CO, exposure
can be a physiological response of the mice to regulate their respiratory and cardiovascular
systems in the presence of elevated CO, levels.

Next, we monitored the activity of PACAPPBL—DR neyrons in mice during
pharmacologically-induced panicogenesis (Fig. 1h). We used FG-7142—a complex
anxiogenic/panicogenic drug previously used in panic studies to produce anxiety-like
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behaviors and the somatic symptoms of a panic attack in humans36 and animals29-37-41—
and compare it with other panicogenic or anxiogenic conditions. As previously reported,
FG-7142 dramatically reduced locomotor activity (Extended Data 2b) and increased
immobility (Fig. 1i) relative to control solution during the 1-h observation period38. After
around 20-25 min, the FG-7142 injected mice exhibited increased PACAPPBL DR activity
(Fig. 1j), with breathing and heart rates following a similar pattern (Fig. 1k,1)2%:37,

We next monitored the calcium activity of PACAPPBL—DR neyrons in conditioned fear and
anxiogenic conditions (Fig. 2, Extended Data 3, 4). First, a cohort of mice was subjected

to an auditory fear conditioning paradigm in which a neutral tone was associated with a
foot shock stimulus (Fig. 2a). Foot shock during the conditioning period gradually increased
freezing behavior across trials (Fig. 2b). PACAPPBL—DR neyrons were robustly activated by
foot shock (Extended Data 3a). Foot shock-conditioned animals demonstrated high levels
of freezing during context-dependent and cue-dependent fear memory tests (Fig. 2c,d), in
conjunction with a gradual decrease in PACAPPBL—DR neyronal activity in both conditions
(Fig. 2e,h). While the heart rate was slightly increased, the breathing rate decreased in a
similar manner as the calcium signal (Fig. 2f,g,i,j). No changes in neuronal activity were
observed in non-foot shock controls.

The PBL is well-known as a general alarm center#2, and we recently reported that CGRP-
expressing PBL neurons were activated by multi-modal aversive sensory stimuli43. To
examine whether these neurons are also activated by other aversive sensory stimuli, mice
were subjected to a looming stimulus, a well-known visual threat stimulus. Interestingly,
PACAPPBL™DR neyronal activity was decreased in response to the looming disk (Extended
Data 3b). Additionally, PACAPPBL—DR neyronal activity was inhibited during the elevated
platform assessment (Extended Data 4a,b) and when the animals entered the open arm of
the elevated plus-maze (Extended Data 4c—e). Thus, PACAPPBLDR neyronal activity was
downregulated by conditioned fear and anxiogenic conditions.

Collectively, these data reveal that PACAPPBL—DR neyrons respond differentially to various
types of aversive conditions. Although panicogenic conditions produced a similar behavioral
outcome (i.e., immobility) as conditioned fear (i.e., freezing), both PACAPPBL—DR neyronal
activity and breathing rate were elevated by panicogenic stimuli but lowered in fear and
anxiogenic conditions. These divergent neural and respiratory responses imply that the two
types of conditions engage fundamentally different neural and physiological mechanisms
and that PACAPPBL—DR neyrons may be part of a panic-specific circuit.

To identify inputs to PACAPPBLDR neyrons, we performed cTRIO (cell-type-specific
Tracing of the Relationship between Input and Output) projection-specific input/output
mapping. Presynaptic cells were predominantly observed in the BNST and CeA. The results
of the immunostaining of brain slices containing these regions suggest that PACAPPBL—DR
neurons primarily receive monosynaptic input from non-GABAergic neurons of the BNST
and GABAergic neurons of the CeA (Extended Data 5).
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Activating PACAPPBL=DR neyrons produces panic-like symptoms

To directly assess the extent to which PACAPPBL—DR neyrons contribute to the

behavioral and physiological symptoms of panicogenesis, we monitored behavioral and
cardiorespiratory changes during optogenetic manipulation of these neurons. For optogenetic
manipulations, we bilaterally injected retroAAV-DIO-FIpO into the DR, resulting in Flp-
recombinase expression in PACAPPBL neurons projecting to the DR. Then, an AAV
expressing ChR2 in a Flp-dependent manner (AAV-fDIO-ChR2-EYFP) was bilaterally
injected into the PBL. In this way, ChR2 was expressed in PACAPPBL—DR neyrons labeled
with FlpO (Fig. 3a). At the same time, optic ferrules were bilaterally implanted into the PBL
of these mice.

We first investigated whether activation of PACAPPBL—DR neyrons generates aversive
memory as previously observed by stimulating the PBL—CeA pathway4. Briefly, mice
were trained in a modified classical auditory fear conditioning paradigm in which a
30-sec tone (conditioned stimulus) was paired with a 10-sec burst of photostimulation
(unconditioned stimulus) instead of a foot shock (Fig. 3b). Photostimulation of ChR2-
expressing PACAPPBL™DR neyrons instantly caused the mice to become immobile. This
immobility persisted even after the laser was turned off (Fig. 3c, Supplementary Videol).
This effect was not observed in EYFP control mice (Supplementary Video 2). The following
day we performed context- and cue-dependent memory tests by exposing the mice to
either the same or a novel chamber and delivering the same conditioned stimulus. ChR2
and control groups exhibited very low levels of immobility during both tests (Fig. 3d,e,
Supplementary Videos 3,4), indicating that activation of these neurons produced strong
defensive behaviors but did not create an associative fear memory.

Since photostimulation induced persistent immobility during conditioning, we next sought
to determine whether PACAPPBL—DR neyrons encode negative valence using a real-time
place aversion (RTPA) paradigm (Fig. 3f). We used 2-sec bursts of photostimulation
instead of continuous illumination to avoid persistent immobility, as it interfered with the
assessment (see Methods for details). ChR2-expressing mice spent substantially less time
in the stimulation-paired chamber than control mice and actively retreated from the paired
chamber when the laser was on (Fig. 3g,h). These results demonstrate that photostimulating
PACAPPBL—DR neyrons produced immediate defensive responses, but not context- or cue-
dependent fear memories.

We next sought to determine whether photoactivation of PACAPPBL—DR neurons

could evoke panic-like physiological responses. Optogenetic activation of these neurons
frequency-dependently evoked strong immobility and tail rattling behaviors (Supplementary
Video 5), accompanied by dramatic increases in breathing and heart rate as recorded

by pulse oximeter and neck sensor (Fig. 3i,j). In summary, optogenetic activation of
PACAPPBL—DR neyrons immediately induced robust aversive behaviors accompanied by
increased cardiorespiratory activity.

To confirm that these effects were due to manipulations of specifically the PACAPPBL—DR
circuit, we repeated the above experiments while photostimulating axon terminals rather
than somas. We bilaterally injected AAV-DIO-ChR2-EYFP into the PBL, resulting in ChR2
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expression in PACAPPBL neurons. Then, optic ferrules were bilaterally implanted above the
DR (Fig. 4a). Photostimulation of PACAPPBL—DR axon terminals produced the same effects
in the modified auditory fear conditioning paradigm (Fig. 4b) as somatic activation (Fig. 3b—
e)—i.e., immobility (Fig. 4c) without formation of associative fear memory (Fig. 4d,e). The
results of RTPA experiments were also identical across photostimulation conditions (Fig.
3f-h, 4f-h), supporting our above finding that the PACAPPBL—DR ¢ircuit encodes negative
valence. Finally, axon terminal activation increased breathing and heart rate (Fig. 4i,j),
similarly to cell body activation (Fig. 3i,j). These data demonstrate that the PACAPPBL—DR
pathway encodes behavioral and physiological responses that are associated specifically
with panicogenic stimuli.

Inhibiting PACAPPBL=DR neyrons reduces panic-like symptoms

Given that the activity of PACAPPBLDR neyrons increased in response to panicogenic
conditions, we next asked whether chemogenetic inhibition of these neurons would affect
the behavioral and autonomic responses to 10% CO,. We expressed AAV-EFla-fDIO-
hM4Di-mCherry in the PBL of AdcyapIC™* mice using a procedure similar to that used for
the optogenetics experiments (Fig. 5a). We next monitored locomotor activity following
i.p. injections of the DREADD agonist CNO (3 mg/kg) under 10% CO» and control
conditions. Whereas exposure to 10% CO, decreased locomotor activity in the mCherry
control group relative to normal air (as previously observed), CO, did not differentially
affect the locomotion of the hM4Di group versus air (Fig. 5b,c, Extended Data 6a).

We then investigated whether inhibition of PACAPPBL—DR neyrons could attenuate the
behavioral and physiological responses to the anxiogenic/panicogenic agent, FG-7142. 1.p.
injection of FG-7142 decreased locomotion (Fig. 5d,e, Extended Data 6b,c) and increased
cardiorespiratory rates (Fig. 5f,g) in control mice. CNO attenuated these responses in

the hM4Di group but not the control group. These results indicate that activation of
PACAPPBL—DR neyrons is necessary for pharmacologically induced panic-like behavioral
and somatic symptoms.

Downstream PAC1RPR neurons are necessary for panicogenesis

The PACAP receptor (PAC1R, encoded by the Adcyap1ri gene) is abundantly expressed
in the DR (Allen Brain Atlas, experiment 74988667). This led us to hypothesize that
PAC1R-expressing DR neurons are direct functional targets of PACAPPBL DR neyrons
and contribute to panicogenesis. A retrograde rabies virus strategy was used on PAC1RPR
neurons to confirm this monosynaptic connection (Fig. 6a, Extended Data 7). The results
of the RNAscope /n situ hybridization with PACAP (Adcyapl), VGIUT2 (S/c17a6), and
VGAT (S/c32a1) mRNAs in PBL slices of these same mice show that the PBL neurons
directly projecting to the PAC1RPR neurons are co-labelled with the PACAP and VGIuT2,
but not VGAT, indicating that the glutamatergic PACAPPBL neurons make monosynaptic
connections to the PAC1IRPR neurons (Fig. 6b,c).

To evaluate the role of PACIRPR neurons in panic-like behaviors, we chemogenetically
inhibited this population and monitored behavioral and autonomic changes induced by
panicogenic stimuli (namely, 10% CO» or FG-7142). We bilaterally injected AAV-hSyn-
DIO-hM4Di-mCherry into the DR of Adcyap1rIC™* mice (Fig. 6d). Consistent with
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our PACAPPBL™DR inhibition experiment, treating hM4Di-expressing mice with CNO
blocked the locomotor and cardiorespiratory responses to panicogenic conditions, compared
with controls (Fig. 6e—j, Extended Data 8). Next, we optogenetically activated PAC1RPR
neurons with ChR2 (Fig. 6k) to determine whether similar results could be produced from
PACAPPBL™DR circuit activation. Activating PACIRPR neurons reproduced the immediate
immobility behavior (Fig. 61, Supplementary Video 6) and breathing rate increase following
circuit activation (Fig. 6m), although heart rate was affected differently (Fig. 6n). Finally,
we administered a PACLR antagonist before assessment in panicogenic conditions to further
confirm the function of PAC1RPR neurons. Acute pharmacological inhibition of PACIR
signaling in the DR by cannular infusion of PACAP(6-38) (Fig. 7a) attenuated behavioral
responses induced by CO, (Fig. 7b—d) or FG-7142 (Fig. 7e-h). These results indicate that
PACAP signaling from PACAPPBL to PAC1RPR neurons is indispensable for behavioral and
autonomic responses induced by panicogenic stimuli.

Excessive serotonin signaling is strongly associated with panic disorder pathology 4446,
which, given the above findings, could reflect an alteration of DR serotonergic output

by PACAPPBL—DR input. We performed Jn situ hybridization to detect Adcyap1r1 gene
expression in the DR of the Ail4:S/c6a4°"* mice, in which serotonin transporter (SERT)-
expressing neurons are labeled with tdTomato. We found that ~98% of PAC1R-expressing
neurons were SERT-positive (Extended Data 9). PACIRPR neurons with Cre-dependent
expression of ChR2-EYFP revealed that these neurons innervate to well-known projection
targets of DR serotonergic neurons#”48 and send especially strong projections to the
peri-locus coeruleus (peri-LC) area of the brainstem (Extended Data 10)4°. These results
indicate that the PACAPPBL—DR pathway induces panic-like symptoms by recruiting a
novel population of PAC1R-expressing serotonergic neurons within the DR.

DISCUSSION

We report that PACAPPBL—DR neyrons were robustly activated by panicogenic stimuli but,
surprisingly, were inhibited by anxiogenic and conditioned fear stimuli (Fig. 1, 2, Extended
Data 2,3). These results demonstrate that conditioned fear/anxiety and panic are distinct
behavioral manifestations induced by threat, and that PACAPPBL—DR neyrons encode
panic-specific signals. Although conditioned fear and panicogenic stimuli produced similar
behavioral output in mice (i.e., freezing/immobility), we suggest that these conditions
engage distinct fundamental mechanisms given the observed differences in cardiorespiratory
and PACAPPBL—DR neyronal activity. Photostimulation of these neurons evoked strong
defensive behaviors (immobility and tail rattling®®>1) and cardiorespiratory activation but
did not create associative fear memories (Fig. 3,4). This observation is consistent with the
unique features of panic disorder, namely unconditioned fear accompanied by physical
symptoms. Chemogenetic inhibition of PACAPPBL—DR neyrons or PAC1R-expressing
postsynaptic partners in the DR completely blocked the behavioral and physiological
changes induced by panicogenic conditions. Furthermore, the delivery of PAC1R antagonist
into the DR attenuated panic-like symptoms. Taken together, these findings demonstrate
that the PACAPPBL—DR sjgnaling pathway mediates panic disorder-specific behavioral and
somatic symptoms. Therefore, the PACAPPBL — PAC1RPR signaling pathway is an ideal
target for novel therapeutic interventions for panic disorder®2.
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Our results indicate that the PACAPPBL—DR pathway is both necessary and sufficient

for the induction of panic-like symptoms. Our cTRIO input/output mapping revealed that
PACAPPBL™DR neyrons receive modulatory input from GABAergic neurons of the CeA
and non-GABAergic neurons of the BNST. The CeA is comprised solely of GABAergic
neurons®3 and plays critical roles in fear and anxiety®4. CeA GABAergic firing rate
increases in response to conditioned fear®®; therefore, activation of these neurons may
drive the suppression of PACAPPBL—DR activity observed in conditioned fear/anxiogenic
conditions (Fig. 2, Extended Data 3). In contrast, decreased inhibitory input from the
CeA to PACAPPBL™DR neyrons under certain conditions may increase susceptibility to
panic. Indeed, GABAergic dysfunction is strongly associated with depression and anxiety
disorders®®:57, and individuals with these conditions are more likely to experience panic
attacks®®-60, Therefore, we speculate that decreased GABAergic input from CeA to
PACAPPBL—DR neyrons in depression and anxiety disorders may increase the risk of panic
attacks.

Recent findings indicate that the BNST, a limbic structure broadly implicated in behavioral
responses to stressor exposure and anxiety®? but not fear-like defensive responses to
threats®2:63 may play an important role in CO,-evoked behavioral responses®. Although
the PBL directly receives hypercapnic signals from central chemoreceptors®3:66, previous
studies and our findings suggest that the PBL may also receive CO,-evoked signals from
the BNST. Patients with bilateral amygdala lesions can experience fear and panic responses
triggered by hypercapnia, suggesting that the amygdala is not essential for inducing fear
and panic through CO inhalation19-12, However, it is possible that the amygdala plays

a critical role in other aspects of panic disorder. For instance, panic disorder is often
accompanied by agoraphobia, which involves avoiding open spaces to prevent spontaneous
panic attack, indicating the associative fear memory component of panic disorder67:68,
Patients with bilateral amygdala lesions are incapable of forming associative fear memory
of exteroceptive threat cues. Although it is uncertain whether hypercapnia acts as an
unconditioned stimulus to form associative fear memory, it is likely that the amygdala

is responsible for the aversive memory of panic attacks. Our study demonstrates that the
PACAPPBL — PAC1RPR peptidergic circuit is necessary and sufficient for CO,-induced
panicogenesis but is not involved in associative fear memory formation. These findings
indicate that this PACAPergic panicogenesis pathway is part of a distributed network of
multiple brain areas that mediates panic-induced behavioral, physiological, and emotional
changes. Taken together, our results suggest that the PACAPPBL—PAC1RPR circuit initiates
panic-like behavioral and somatic symptoms in response to hypercapnic condition. Future
research on the function of the CeA/BNST input neurons may offer more detailed insights
into the circuit-based mechanism of panic and fear/anxiety interactions.

The PBL is known for its role as a general alarm center that relays multi-modal aversive
sensory stimuli, including pain#243.69.70 Qur results show that PACAPPBL—DR neyrons are
activated by hypercapnic condition (10% CO5) and acute painful stimulus (0.2 mA electric
footshock), but inhibited by visual threat (looming stimulus), conditioned fear, and anxiety.
It is interesting to note that aversive stimuli originating from the body that directly damage
the body activate these neurons, whereas threat signal originating from outside the body,

or from the memory of previous threat exposure inhibit these neurons. This suggests that
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the PACAPPBL—DR neyrons are part of PBL general alarm system and have a specialized
role in detecting interoceptive aversive signals that directly harm the body. Previous studies
have shown that optogenetic stimulation of PBL glutamatergic neurons induces negative
valence’® and escaping behaviors such as running and jumping, but no freezing behavior®.
However, we showed that photostimulation of glutamatergic PACAPPBL—DR neyrons
encodes negative valence with immediate immobility and tail rattling, further supporting

the idea that these neurons are a subset of general alarm-encoding neurons that has unique
functions different from other PBL glutamatergic populations. Notably, photostimulation of
these neurons induced immediate defensive behaviors, such as freezing and tail rattling,
while panicogenic stimuli, such as 10% CO, and FG-7142, triggered defensive states with
slower temporal dynamics. In response to CO5 inhalation, neuronal activation and associated
behavioral/somatic changes were observed approximately 1 minute after exposure, while in
response to i.p. injection of FG-7142, they were observed approximately 30 minutes later.
These temporal differences in the defensive state dynamics are likely due to the different
mechanisms by which these stimuli activate the PACAPPBL—DR neyrons. While optogenetic
stimulation directly activated these neurons, activation of these neurons by panicogens
required multiple steps. Furthermore, the temporal difference in defensive response between
COy and FG-7142 is mainly due to their distinct action mechanisms. CO, rapidly activates
central chemoreceptor neurons, which in turn activate the PACAP neurons in the PBL. In
contrast, FG-7142 acts by inhibiting the GABAA receptor in parabrachial neurons including
PACAPPBL™DR neyrons!® and must first cross the blood-brain barrier. Taken together, these
findings suggest that distinct stimuli can elicit defensive responses with different temporal
scales due to differences in their mechanisms of action on the PACAPPBL—DR neyrons. It is
important to consider these differences when interpreting the defensive response to various
stimuli.

Based on clinical and experimental evidence, Deakin and Graeff have proposed that
different serotonergic pathways originating from the DR play distinct roles in anxiety

and panic’l; specifically, orbital frontal cortex-projecting DR serotonin neurons promote
active coping behavior, whereas CeA-projecting neurons mediate anxiety-like behaviors*’.
Moreover, the DR serotonergic population innervating the dorsal periaqueductal gray and
rostroventrolateral medulla inhibits the escape response in the presence of imminent danger,
and is presumably the primary mediator of the panicolytic effect of selective serotonin
reuptake inhibitors*8.72-74_ Optogenetic or chemogenetic activation of DR serotonergic
neurons produces variable locomotor effects, meanwhile, differentially decreasing overall
activity*”:7576 or changing movement speed’” in some situations but not others’8.
Furthermore, pharmacological inhibition of DR 5-HTog receptors suppressed cocaine-
induced hyperlocomotion’®, and lesioning the DRN with the serotonergic neurotoxin 5,7-
dihydroxytryptamine had no effect on phencyclidine-induced hyperlocomotion®. These
divergent results indicate considerable anatomical and functional heterogeneity of DR
serotonergic neurons. The PAC1RPR neurons, which are mostly serotonergic (Extended
Data 6), share some of the previously defined characteristics of DR serotonergic
populations. However, these neurons also have distinct functional properties. Chemogenetic
inhibition of PAC1RPR neurons abolished the behavioral and somatic effects of panicogenic
conditions, while photostimulation of these neurons immediately reproduced these effects
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(i.e., increased immobility and breathing rate). The decrease in heart rate produced by
photostimulation of PACIRPR neurons was unexpected, although previous studies show that
either i.c.v. administration of serotonin8? or activation of 5-HT1 receptors in the DR82
decreased heart rate. A pharmacological study also shows that activation of DR can reduce
heart rate83. It is also known that increased serotonin can activate 5-HT; 4 autoreceptors that
inhibit serotonergic neurons in the DR8485; however, the role of PAC1RPR neurons in the
regulation of 5-HT A receptor-mediated functions has yet to be studied.

Finally, acute delivery of a PACLR antagonist, PACAP(6-38), into the DR attenuated
behavioral changes evoked by panicogenic stimuli. In light of the lack of progress in the
development of panic-specific medications®, these PACIRPR neurons, representing a novel
serotonergic population within the DR, may serve as a potential target for the treatment

of panic disorder. This potential may be expanded upon via the characterization of the
functional properties of panic disorder-relevant downstream circuits. The findings of a
recent study suggest that the external lateral parabrachial nucleus (PBel) is functionally
downstream of the DR serotonergic neurons that mediates hypercapnic arousal®”. Inhibiting
the SertPR—CGRPPBe! pathway reduces arousal by hypercapnic condition during sleep.
Notably, the CGRPPBe! neurons and PACAPPBL DR neurons are spatially separated distinct
PBL subpopulation, indicating that they constitute an indirect reciprocal connection of
PACAPPBL—PACI1R/SERTPR—CGRPPBE! circuit. Similar indirect reciprocal connections
are also present among the CeA and BNST within the PBL. Although their functional role
is not yet fully understood, these reciprocal connections may form feedback circuits that
modulate the primary function of the PBL.

Together, our results demonstrate that PACAPPBL—DR and PAC1RPR neurons form a novel
pontomesencephalic pathway that underlies behavioral and somatic responses induced by
panicogenic stimuli. The comprehensive series of experiments reported in this analysis

has revealed a novel unconditioned fear circuit critical for the induction of panic-specific
behavioral and somatic symptoms in mice. Importantly, our findings provide the first
evidence that panic-like symptoms can be attenuated by pharmacological blockade of
PBL—DR PACAP signaling in mice, a discovery that may aid the development of novel
therapeutic interventions for panic disorder.

Materials and Methods

Animals

All protocols for animal experiments were approved by the IACUC of the Salk Institute
for Biological Studies according to NIH guidelines for animal experimentation. The
AdcyapICrel* (Strain #030155), AdcyaplriCe* (Strain #035572), Ail4 (Strain #007914),
Slc6a4€re* (Strain #014554) and C57BI/6J (Strain #000664) mouse lines were obtained
from the Jackson laboratory. All mouse lines were backcrossed with C57BI/6J for > 6
generations. Male and female mice were used in all studies. Animals were randomized

to experimental groups, and no sex differences were noted. Mice were maintained on a
standard 12-hour light/dark cycle in a temperature- (20-22 °C) and humidity- (45-55%)
controlled vivarium and provided with food and water ad /ibitum.
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Stereotaxic surgery for virus injection and optic fiber implantation

Mice were anesthetized by isoflurane gas anesthesia (induction at 3.5%, and maintenance at
1.5-2%, the Drager Vapor® 2000; Draeger), and then placed on a stereotaxic frame (David
Kopf Instruments). Holes were drilled with a micromotor handpiece drill (Foredom) after the
exposure of the skull. Viruses were injected using a pulled fine-glass capillary (3—000-203-
G/X, Drummond Scientific) connected to a Microliter syringe (84850, Hamilton) with
Tygon tubing. The syringe was placed on an infusion pump (70-2002, Harvard Apparatus)
for a steady injection rate of 0.05 pL/min. Unilateral (right side) and bilateral injections were
made for the following target regions: PBL (anteroposterior (AP), =5.1 mm; mediolateral
(ML), 1.35 mm; dorsoventral (DV) —3.5 mm from bregma), DR (AP, —4.6mm; ML, 0.3mm;
DV, —3.35mm) and CeA (AP, —1.05mm; ML, 2.8mm; DV, —4.6 mm). A total volume of 0.3
or 0.5 pL of the virus was injected, and the fine-glass capillary was slowly removed from the
injection site seven minutes after injection.

For determining the outputs of PACAPFBL or PAC1RPR neurons, 0.3 pL of AAV-EFla-
DIO-EYFP (2.12E+12 GC/mL) was injected into the PBL of AdcyapIC* or DR of
Adcyap1riC* transgenic mice. Mice were sacrificed four weeks after the injection.

For tracing the inputs to PACAPPBL neurons, 0.5 pL of retroAAV-DIO-mCherry (1.51E+13
GC/mL) and retroAAV-DIO-EYFP (5E+12 GC/mL) were injected into, respectively, the
CeA and DR of AdcyapICre/* transgenic mice. Mice were sacrificed three weeks after the
injection.

For monitoring PACAPPBL—DR neyrons via fiber photometry, 0.3 uL of retroAAV-
DIO-FIpO-WPRE-hGHpA (1.98E+13 GC/mL) was injected unilaterally into the DR of
AdcyapICre* transgenic mice, and 0.3 pL of AAV8-fDIO-GCaMP6s-EYFP (1.0E+13
GC/mL) was injected into the PBL. A custom-made stainless-steel mono fiber-optic cannula
(400 pm, 0.37 NA) was implanted above the PBL (0.2 mm above virus injection coordinate).
Two screws were implanted away from the injection site as anchors. Superglue and dental
cement were used to fix the implantation. Experiments took place three weeks after
injection.

For cTRIO tracing, 0.3 pL of retroAAV-DIO-FIpO-WPRE-hGHpA was first injected
unilaterally into the DR, then 0.3 puL of AAV8-CAG-fDIO-TVA-mCherry (1.0E+12 GC/mL)
and AAV8-CAG-fDIO-0G-WPRE-SV40PA (2.25E+12 GC/mL) was injected into the PBL.
Three weeks later, 0.3 pL of EnvA G-deleted Rabies-eGFP (1.03E+09 GC/mL) was injected
into the same PBL location. Mice were sacrificed five days after the final injection.

For retrograde rabies tracing, 0.3 pL AAV8-hSyn-FLEX-TVA-P2A-GFP-2A-0G (3.82E+12
GC/mL; Salk Institute viral vector core) was injected into the DR of Adcyap1r1Crel*
transgenic mice. After 2 weeks, 0.3 puL of EnvA-AG-rabies-mCherry (3.95E+08 GC/mL;
Salk Institute viral vector core) was injected into the same region. Mice were sacrificed five
days after the final injection.

For optogenetic activation of PACAPPBLDR neyrons, 0.3 pL of retroAAV-DIO-FIpO-
WPRE-hGHpA was injected bilaterally into the DR of AdcyapIC™/* transgenic mice, and
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0.3 pL of AAV9-EF1a-fDIO-hChR2(H134R)-EYFP (5.21E+12 GC/mL) or AAV8-EF1a-
fDIO-EYFP (4.39E+12 GC/mL) was injected into the PBL. Custom-made ceramic mono
fiber-optic cannulas (200 pm, 0.22 NA) were implanted above the PBL (0.2 mm above virus
injection coordinate). Experiments took place three weeks after injection.

For optogenetic axon terminal activation of PACAPPBL neurons projecting to DR, 0.3 uL
of AAVDJ-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-pA (4.5E+12 GC/mL) or AAV-EFla-
DIO-EYFP was injected bilaterally into the PBL of AdcyapIC™/* transgenic mice. Custom-
made ceramic mono fiber-optic cannulas (200 um, 0.22 NA) were implanted above the

DR (0.2 mm above virus injection coordinate). Experiments took place three weeks after
injection.

For optogenetic activation of PACIRPR neurons, 0.3 uL of AAVDJ-EF1a-DIO-
hChR2(H134R)-EYFP-WPRE-pA or AAV-EF1a-DIO-EYFP was injected bilaterally into
the DR of Adcyap1rICe* transgenic mice. Custom-made ceramic mono fiber-optic
cannulas (200 um, 0.22 NA) were implanted above the DR (0.2 mm above virus injection
coordinate at a 15° angle). Experiments took place three weeks after injection and cannula
implantation.

For chemogenetic inhibition of PACAPPBLDR neyrons, 0.3 pL of retroAAV-DIO-FIpO-
WPRE-hGHpA was injected bilaterally into the DR, and 0.3 pL of AAVDJ-hSyn-
fDIO-hM4Di-mCherry (1.98E+13 GC/mL) or AAV8-EF1a-fDIO-EYFP into the PBL of
AdcyapIC* transgenic mice. Experiments took place three weeks after injection.

For chemogenetic inhibition of PAC1RPR neurons, 0.3 pL of AAVDJ-EF1a-DIO-hM4Di-
mCherry (6.04E+11 GC/mL) or AAV-EF1a-DIO-EYFP was injected into the DR of
AdcyaplriC* transgenic mice. Experiments took place three weeks after injection.

For pharmacology experiments, an internal cannula (81C315GMNSPC, P1 Technologies
Inc., USA) was connected with a dummy cannula (81C315FDMNO02, P1 Technologies Inc.,
USA) and implanted bilaterally into the DR at a 15° angle (AP, —4.6mm; ML, 1.14mm; DV,
-3.45mm). Experiments took place one week after the implantation.

Fiber photometry

Bulk calcium signals from PACAPPBL—DR neyrons were monitored using a custom-

built fiber photometry system based on the open-source pyPhotometry platform (https://
pyphotometry.readthedocs.io/en/latest/). A 465 nm LED was used to induce Ca?*-dependent
fluorescence signals, and a 405 nm LED was used for Ca2*-independent (isosbestic)
fluorescence signals. Motion-corrected AF/F was calculated post-hoc using the formula:
AF/F = Fag5 — Faostit / Faossit for the whole experimental time. The least-squares polynomial
function was used to calculate F4gs5it. There was no normalization for experiments that are
shown with no baseline (Fig. le, 2e, Extended Data 4). Fiberphotometry results that have a
stable initial phase or baseline were normalized by the mean value of those period to align
near 0 (5 s for Extended Data 3b; 30 s for Fig. 2h, Extended Data 3a; 10 min for Fig. 1j).
Area under the curve (AUC) was used to analyze the data.
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Physiology

MouseOx ®-Plus oximeter (STARR Life Sciences Corp.) was used to measure the breathing
and heart rates of mice. Mouse necks were shaved and the collar sensor (Size XS) was
applied. Animals were habituated to the collar sensor for 1-2 days before experiments. Data
were collected through MouseOx ®-Plus Software attached to the computer.

CO, exposure test

A custom-built open-bottom plexiglass chamber (28 x 28 x 32 cm) was used to monitor
panic-like behavior during CO, exposure. Normal air and 10% CO, gas tanks were
connected with Tygon tubing with a Y-shaped connector, and the other end was inserted into
a hole in the wall of the chamber. A thick layer of cage cover paper was used to thoroughly
seal the bottom of the chamber. The chamber was enclosed in a light- and sound-attenuating
cubicle (ENV-018MD, MED Associates).. Normal air was infused for 10-20 min at a rate
of 4 1/min, followed by 10% CO, for 10 or 30 min (only the PAC1RPR::hM4Di and their
control group was exposed for 30 min due to their resistance to CO»). All trials were
recorded by a USB camera (DFK 33G X236, Imagine Source) attached to the computer,

and behaviors were analyzed by video-tracking software (EthoVision XT 12, Noldus).
Immobility was analyzed during the last 10 min of the “before CO,” period (air) and the
entirety (10 or 30 min) of the “after CO,” period by setting the “not moving” factor as
1.25-1.5cm/s, for 3s samples in Ethovision. For physiological data collection, mice were
connected with collar sensors and placed inside the chamber with air exposure. 10% CO»
was injected 30-50 min after collar sensor attachment.

FG-7142 injection

FG-7142 (20 mg/kg, i.p., #0554, Tocris) was injected to induce panic-like symptoms. For
fiber photometry and behavior tracking, mice were placed inside a standard mouse cage.
Injections were performed 10 min after habituation. All trials were recorded by a USB
camera attached to the computer, and behaviors were analyzed byEthovision. Immobility
was analyzed in 20 min bins by setting the “not moving” factor as 1.25-1.5cm/s, for 3s
samples in Ethovision. For physiological data collection, mice were connected with collar
sensors and placed inside a non-transparent glass cylinder (15 cm diameter with 20 cm
height) with bedding. FG-7142 was injected 30-50 min after collar sensor attachment.
Data are presented from 5 mins after the injection to exclude the effect of injection-related
discomfort.

Fear conditioning test

A fear conditioning chamber (26 x 30 x 33 cm, ENV-007CT, MED Associates) with a
metal grid floor (ENV-005, MED Associates) connected to a standalone aversive electric
shock stimulator (ENV-414S, MED Associates) was used for foot shock (unconditioned
stimulus; US) delivery. A USB camera was connected to a computer, and Ethovision

was used for shock delivery and behavioral analysis. Two speakers (AX210, Dell) were
placed beside the chamber for the delivery of conditioned stimuli (CS+). The chamber was
enclosed in a light- and sound-attenuating cubicle. The chamber was cleaned with 70%
ethanol and double-distilled water between each trial. During habituation, mice were placed
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inside the chamber and allowed to explore for 2 min (baseline). The CS+ (30 sec, 2 kHz
pure tone) was then delivered six times with random inter-stimulus intervals. Mice were
returned to the same context on day 2. After 1 min of baseline exploration, mice received

5 2-sec foot shocks (0.2 mA, US) co-terminating with CS+ at random inter-event intervals.
Non-conditioned control mice did not receive foot shocks. On day 3, mice were fitted with
either an optic fiber for fiber photometry or a collar sensor for physiological measurements.
Mice were then re-introduced to the same context for 3 min for the context test. 6 hr later,
mice were fitted with an optic fiber or collar sensor and introduced to a new context for

the cue test (a glass cylinder wrapped with a non-transparent material; 20 cm diameter, 15
cm height); the 30-sec CS+ was then delivered three times without the US. All trials were
recorded by a USB camera attached to the computer, and controlled by Ethovision. Freezing
behavior was manually scored by experienced experimenters in a blinded manner. In manual
scoring, the time of immobility of the mouse without any movement except breathing was
counted as freezing behavior88.89,

Looming test

Mice were habituated in a standard mouse cage for 10 min. After habituation, an expanding
looming stimulus (2-s, 3- or 9-inch diameter) was delivered with an LED screen facing the
arena from above.

Elevated platform test

A cup or clear circular platform (diameter is 100 mm) was fixed to the top of a camera
tripod (1 m tall). Mice were habituated for 15 min in a cup before being placed on the
platform for 5 min.

Elevated plus maze test

A custom-built elevated plus maze with two transparent closed arms (35 x 7 x 30 cm) and
two open arms (35 x 7 x 2 cm) was used to monitor anxiety-like behavior in mice. The maze
was elevated 70 cm from the floor for all tests. Mice were placed on the end of the open

arm facing the center of the maze. Behavior was recorded for 10 min and quantified using
Ethovision. Both 70% ethanol solution and deionized water were used to clean the maze
immediately after each trial.

Optogenetic conditioning test

The procedure was the same as that described in the ‘Fear conditioning test’ section,

with the exception that optogenetic stimulation was used as the US instead of foot shock.
Optic fibers were connected bilaterally to the optic ferrules on the mouse’s head during
habituation and conditioning. During conditioning, mice received 6 10-sec bursts of 470 nm
laser photostimulation (LRD-0470-PFFD-00100-05, LaserGlow Tech; 20 Hz, 4 ms pulse,
8-9 mW intensity) co-terminated with CS+ (random inter-event intervals). 4-ms laser pulse
width was used to minimize retrograde action potentials from the DR afferent stimulation
during the axon terminal photostimulation experiment. On day 3, context and cue tests were
performed without an optic fiber connection. All trials were recorded by a USB camera
attached to the computer, and immobility behavior was analyzed by Ethovision.
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Real-time place aversion (RTPA)

A two-chamber arena (30 x 60 x 30 cm) was used for the RTPA test. Behavior was

tracked with a USB camera using Ethovision. PACAPPBL—DR::ChR2 mice were connected
with optic fibers and randomly placed on one side of the chamber or the other. Modified
photostimulation parameters (2 sec of 4-ms pulsed 20 Hz stimulation with 10-sec inter-trial
intervals) were used to prevent immobility. The laser was activated when a mouse entered
the chamber adjacent to the one in which it was originally placed and turned off when it
returned to the original chamber. Sessions lasted 20 min.

Photostimulation for physiological recording

A glass cylinder arena (15 cm diameter with 20 cm height) was used for the test. Mice were
habituated for 30-50 min inside the arena after collar sensor and optic fiber connection.
Four different frequencies (5, 10, 20, and 40 Hz) of 470 nm laser photostimulation were
given to PACAPPBL—DR::ChR2 mice for 5 sec in 60-sec intervals. 40 Hz photostimulation
(7 mW) was given to PACIRPR::ChR2 mice for 5 sec. The laser pulse width was 4 ms for
all conditions.

PAC1RPR::ChR2 photostimulation

PAC1RPR::ChR2 mice were habituated in a standard mouse cage for 10 min, and 40 Hz
(4 ms pulse width, 10-sec exposure, 7 mW) of 470 nm laser was given to monitor the
behavioral change.

Chemogenetics

Experiments were performed 10 min after CNO injection (3 mg/kg, i.p.; #16882, Cayman
chemical, USA).

Pharmacology

Mice were anesthetized by isoflurane gas for drug infusion. Internal cannulas were
connected to Microliter syringes with Tygon tubing. The syringe was placed on an infusion
pump for a steady injection rate of 0.05 pL/min. Internal cannulas were inserted into guide
cannulas after removing dummy cannulas. 1 ug of PAC1R antagonist PACAP (6-38) (3236,
Tocris, USA) or control solution was infused bilaterally into the DR. The internal cannulas
were removed 2 min after infusion, and experiments took place at least 10 min after the mice
woke up.

In situ hybridization

Following rapid decapitation of Ail4; S/c6a4°™/* (SERT-Ai14) or rabies virus injected
AdcyapriC* transgenic mice, brains were frozen in —50 °C iso-methylbutane with OCT
compound and stored at —80 °C. Coronal sections containing DR regions that corresponded
to the injection plane used in the behavioral experiments were cut in 20 pm-thick slices

for SERT-AIl4 at —20 °C and thaw-mounted onto slides. Coronal sections containing DR

or PBL regions were cut in 10 um-thick slices for PAC1RPR retrograde rabies tracing at
-20 °C and thaw-mounted onto slides. /n7 situ hybridization was performed according to the
RNAScope 2.0 Fluorescent Multiple Kit User Manual for Fresh Frozen Tissue (Advanced
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Cell Diagnostics, Inc., USA). Slides containing the specified coronal brain slices were
fixed in 4% paraformaldehyde, dehydrated, and pretreated with protease IV solution for

30 min for SERT-Ai14 and 12 min for rabies virus injected Adcyap1rIC'/* transgenic
mice. Slices were then incubated with either target probes for mouse Adcyapirl (accession
number NM_001025372.1, probe region 4108 — 5038), Mm-Adcyapl (RNAScope Probe
#405911, Advanced Cell Diagnostics), Mm-S/c17a6 (RNAScope probe #319171-C3,
Advanced Cell Diagnostics) or Mm-S/c32a1 (RNAScope probe #319191-C3, Advanced
Cell Diagnostics) for 2 hr. Following probe hybridization, slices underwent a series of
probe signal amplification steps (AMP1-4). SERT-Ai14 underwent a final incubation of
fluorescently labeled probes (Alexa 488) designed to target the specified channel associated
with the probes. Slides were counterstained with DAPI, and coverslips were mounted with
Vectashield Hard Set mounting medium (Vector Laboratories).

Histology and immunohistochemistry

Mice were intracardially perfused with 4% paraformaldehyde in PBS (phosphate buffered
saline). Brains were kept in 4% PFA overnight for post-fixation and dehydrated in 30%
sucrose for 1-2 days before sectioning. Frozen brains were cut into 50 um coronal slices
with a cryostat and stored in PBS before mounting. Brain tissues were mounted on a

slide glass (12-550-143, Fisher Scientific, USA) with a DAPI-containing mounting solution
(0100-20, SouthernBiotech).

For the cTRIO experiment, every slice 100 um apart was mounted for counting (n = 3 mice).

For immunohistochemistry with the cTRIO mice, coronal slices containing BNST or CEA
were washed with PBST (Phosphate buffered saline with 0.1% Tween-20; BP337-500,
Fisher BioReagents, USA). Initial blocking was performed using 1-hr incubation with

3% normal donkey serum (NDS, 017-000-121, Jackson ImmunoResearch Laboratories,
Inc., USA). After another round of washing with PBST, the slices were incubated with
anti-VGAT antibody (diluted 1:200 in 3% NDS, AGT-005, Alomone Labs, Israel) at 4

°C overnight. The next day, brain tissues were rinsed with PBST and incubated with
anti-rabbit Alexa Fluor 647 Donkey-secondary antibody (1:500, 711-605-152, Jackson
ImmunoResearch Laboratories, Inc., USA) for 1 h. After washing with PBS, these slices
were mounted on a slide glass with DAPI-containing mounting solution.

Data inclusion criteria

Imaging

All the mice that had viral expression in the region of interest were included in the data.
Mice that had no viral expression or misplaced optical fibers due to a mistake in surgery
were excluded from the data.

Images were taken with either an automatic fluorescence microscope (BZ-X710, Keyence)
using included imaging software (BZ-X viewer, Keyence) or with a scanning confocal
microscope (FV 1000, Olympus) using Fluoview software (Olympus). For quantification,
images were processed with the same gain, offset, and exposure time. Cell counting for
retrograde tracing was done manually.
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Statistical analysis

All data are presented as mean + S.E.M. The Shapiro-Wilk normality test was performed
for choosing parametric/ nonparametric analysis. All one-factor experiments passed the
normality test, and therefore the data were analyzed with parametric tests (Student’s t-
tests, repeated measures one-way ANOVAs with Sidak’s post hoc comparison). Two-factor
experiments were analyzed with repeated measures two-way ANOVAs for parametric or
mixed-effects analysis (Mixed-effects model (REML) with fixed effects (type I1)) for
nonparametric tests with Sidak’s post hoc comparison. Power analysis was performed with
a = 0.05 for confirming adequate n values in the experiments. Experiments were blinded
to group allocation during behavioral data collection and analysis. Statistical analyses were
performed using Prism 9 (GraphPad Software) and SigmaPlot 15.0 (Inpixion, USA). NS,
P>0.05, * £<0.05, ** £<0.01, *** P<0.001. Full details of statistical tests in individual
figures are described in the figure legend and Supplementary Table 3.

Extended Data

AAV-DIO-EYFP
Adcyap1°™*

7 PBL

Extended Data 1. Projections from PACAPPBL neurons.
a, Schematic and histological confirmation of Cre-dependent expression of EYFP in the

PBL of an Adcyap1C™* mouse. Scale bars: 100 um. b, Representative images of the output
regions of PACAPFBL neurons. Scale bars: 100 pm. Injections were repeated on three mice
with similar results.
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Extended Data 2. Behavioral changes of the PACAPPBLDR::GCcaMP6s mice during
panicogenic conditions.
a, Heat map and distance traveled before- (normal air) and after CO, exposure. Paired two-
sided #test, < 0.001. n =7 mice. b, Heat map and distance traveled following FG-7142
or control injection. Repeated measure two-way ANOVA with Sidak’s multiple comparisons
test. n = 7 mice. Data are presented as the mean £ SEM; see also Supplementary Table 3 for
statistical details. */<0.05, **P<0.01.
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Extended Data 3. Calcium activity changes in PACAPPBL—DR

general multi-modal aversive circuit.
a, Average calcium trace during “Conditioning” phase of the fear conditioning test. Blue

shading indicates “Tone ON” periods and orange arrows indicate when the foot shock was

neurons do not respond as a
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given. n = 3 mice. b, Average calcium trace during the looming test with corresponding
AUC analysis. Pink shading indicates the 2-s looming exposure. Repeated measure one-way
ANOVA with Sidak’s multiple comparisons test, F (2, 6) = 240.127, < 0.001.n=4

mice. Data are presented as the mean + SEM; see also Supplementary Table 3 for statistical
details. **/<0.01.
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Extended Data 4. Calcium activity changes in PACAPPBL=DR neyrons during anxiogenic

conditions.

a, Schematic of the elevated platform test. b, Average calcium trace during elevated platform
assessment, and corresponding area under curve (AUC) analysis. Paired two-sided #test, P
=0.0017. n = 4 mice. ¢, Schematic of the elevated plus maze. d, Average calcium trace
during the seconds immediately preceding and following open arm entry and exit, with
corresponding AUC analysis. Paired two-sided #test, < 0.0001. n = 4 mice. e, Calcium
traces from individual animals. Pink shading indicates when mice were in the open arm.

n = 4 mice. Data are presented as the mean + SEM; see also Supplementary Table 3 for
statistical details. **/<0.01, ***/<0.001.
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Extended Data 5. Inputs to PACAPPBL=DR neyrons.
a, Schematics of Cre- and Flp-dependent retrograde tracing in PBL of an Adcyap1Ce/*

mouse for identification of inputs to PACAPPBL—DR neyrons. b, Histology of TVA and
RVdG expression in PBL. Scale bars: 50 pm. Injections were repeated on three mice with
similar results. ¢, Representative images of cTRIO tracing in BNST and CeA. Scale bars:
50 um. Injections were repeated on three mice with similar results. d, Schematic of inputs
to PACAPPBL™DR neurons. Repeated measure one-way ANOVA with Sidak’s multiple
comparisons test, F (4, 8) = 21.871, = 0.0073. n = 3 mice. ¢,f, Histological images

of RVdG and VGAT expression, and graphical representation of the percentage of VGAT
colocalization in BNST (e) and CeA (f). Scale bars: 50 um. n = 3 mice. Data are presented
as the mean = SEM; see also Supplementary Table 3 for counting and statistical details.
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Extended Data 6. Inhibition of PACAPPBL=DR neyrons attenuates panic-like symptoms.
a, Distance traveled before (normal air) and after CO, exposure during chemogenetic

inhibition of PACAPPBL DR neyrons. Mixed-effects analysis with Sidak’s multiple
comparisons test. n = 9 control mice, n = 6 hM4Di mice. b,c, Distance traveled (b,

repeated measures two-way ANOVA with Sidak’s multiple comparisons test) and velocity
(c, repeated measures two-way ANOVA with Sidak’s multiple comparisons test) after
FG-7142 injection during chemogenetic inhibition of PACAPPBL—DR neyrons. n = 9 control
mice, n =5 hM4Di mice. Data are presented as the mean + SEM; see also Supplementary
Table 3 for statistical details. */~<0.05, **/<0.01.
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Extended Data 7. PACIRPR neurons are monosynaptically connected with PACAPPBL neurons
a, Single channel histological images of Fig.7g. Presynaptic PACAPPBL neurons are also

VGIuT2 (S/c17a6) positive. b, Single channel histological images of Fig.7h. Presynaptic
PACAPFBL neurons do not overlap with VGAT (S/c32a1). ¢, Histological images of DR
after perfusing the retrograde rabies tracing mice. TVA (green), RVdG (red). Starter cells are
observable. d, Representative images of presynaptic cells (RVdG, red) in PBL. Scale bars:
100 pm. This experiment was repeated on three mice with similar results.
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Extended Data 8. Inhibition of PACIRPR neurons blocks panic-like symptoms.
a, Heat map of mouse activity before (air) and after CO, exposure during chemogenetic

inhibition of PAC1RPR neurons. n = 7 mice per group. b,c, Heat map of mouse activity (b)
and velocity (c, mixed-effects analysis with Sidak’s multiple comparisons test and adjusted
Pvalues) after FG-7142 injection during chemogenetic inhibition of PAC1RPR neurons. n =
7 mice per group. Data are presented as the mean + SEM; see also Supplementary Table 3
for statistical details. **/<0.01, ***/<0.001.

0.95+0.26%

@8 SERT only
[ SERT+Adcyap1r1
@m Adcyap1r1 only

Extended Data 9. The majority of PAC1R (Adcyaplrl) neurons are SERT-positive.
a, Representative /n situ hybridization images of PAC1R- (Adcyap1rl) and SERT-positive

neurons in the DR (left). b, Graphical representation of percentages of fluorescent neurons.
n =7 mice. Scale bars: 50 um. Data are presented as the mean + SEM.; see also
Supplementary Table 2 for counting details.
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VTA&IF & RL | | Peri-LC & LC | | RM & PRN

Extended Data 10. Projection targets of PACLIRPR neurons.
a, Histological images of output regions from PAC1RPR neurons expressing ChR2.

Abbreviations: lateral septal nucleus (LS), BNST, CeA, paraventricular nucleus of

the thalamus (PVT), nucleus of reuniens (RE), paraventricular hypothalamic nucleus
(PVH), lateral hypothalamus (LHA), dorsomedial nucleus of the hypothalamus (DMH),
lateral geniculate complex (LGd), subparafascicular nucleus parviceullar part (SPFp),
peripeduncular nucleus (PP), substantia nigra compact part (SNc), ventral tegmental area
(VTA), ifterfascicular nucleus raphe (IF), rostral linear uncleus raphe (RL), Peri-locus
ceruleus (Peri-LC), LC, nucleus raphe magnus (RM), and pontine reticular nucleus (PRN).
Scale bars: 100 um. n =5 mice.
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Fig. 1. Activity of PACAPPBL=DR neurons increases in panicogenic conditions.

a, Schematic and representative image of Cre-dependent retrograde expression of mCherry
in PACAPPBL neurons projecting to the CeA, and EYFP expression in DR-projecting
PACAPPBL neurons. Percentages of indicated fluorescent cells in the PBL are represented
via a pie chart. Scale bar: 100 pm. Injections were repeated in 3 mice with similar results.
b, Schematic and representative images of Cre- and FIp-dependent expression of GCaMP6s,
as well as the implantation of fiber in the PBL of an Adcyap1C"™®* mouse to monitor
PACAPPBL™DR neyronal activity via fiber photometry. Scale bar: 100 um. This experiment
was repeated on seven mice with similar results. ¢, Schematic of the CO, exposure test. d,
Immobile behavior during 10 min of normal air (control condition) or 10% CO, exposure.
Paired two-sided #test, £< 0.001. n = 7 mice. e, Change in calcium activity during

10 min of air or 10% CO, exposure and corresponding AUC analysis. Paired two-sided
Etest, P=0.0039. n = 7 mice. f, g, Breathing (f, repeated measure two-way ANOVA

with Sidak’s multiple comparisons test), and heart rate (g, mixed-effects analysis with
Sidak’s multiple comparisons test) changes during CO, exposure. n = 14 mice. Respiration
responses to both air and CO, exposure were taken from the same mice. Lines represent
mean responses during each condition in the same mice. h, Schematic of FG-7142 (20
mg/kQg) i.p. injection. i, Immobile behavior change following FG-7142 injection. Repeated
measure two-way ANOVA with Sidak’s multiple comparisons test. n = 7 mice. Time =

0 is when FG-7142 was injected and recordings started 5 mins after the injection. j,

Change in calcium activity following i.p. injection of FG-7142, and corresponding AUC
analysis within each 20-min bin. Repeated measure two-way ANOVA with Sidak’s multiple
comparisons test. n = 7 mice. Kk, |, Breathing (k, repeated measure two-way ANOVA with
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Sidak’s multiple comparisons test), and heart rate (I, repeated measure two-way ANOVA
with Sidak’s multiple comparisons test) changes 30 min after FG-7142 injection.n =9
mice. Data are presented as the mean + SEM; see also Supplementary Table 3 for statistical
details. *P<0.05, **/<0.01, ***P<0.001.
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Fig. 2. Activity of PACAPPBL™DR neyrons decreases during retrieval in the fear conditioning

test.

a, Schematic of the fear conditioning experiment. b—d, Freezing behavior during
conditioning (b, repeated measure two-way ANOVA with Sidak’s multiple comparisons
test), context (c, repeated measure two-way ANOVA with Sidak’s multiple comparisons
test), and cue tests (d, paired two-sided £test, < 0.001). n = 7 mice. e, PACAPPBL—DR
calcium activity change during context test and corresponding AUC analysis. Paired two-
sided #test, P=0.0017. n = 4 mice. f,g, Breathing (f, repeated measure two-way ANOVA
with Sidak’s multiple comparisons test), and heart rate (g, mixed-effects analysis with
Sidak’s multiple comparisons test) changes during the context test. n = 6 (control), n =

5 mice (conditioned). h, Calcium activity change during cue test and corresponding AUC
during tone presentation. Paired two-sided #test, < 0.001. n = 7 mice. Tone presentation
is denoted by blue shading. i,j, Breathing (i, repeated measure two-way ANOVA with
Sidak’s multiple comparisons test), and heart rate (j, repeated measure two-way ANOVA
with Sidak’s multiple comparisons test) changes during the cue test. n = 6 control mice, n =
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5 conditioned mice. Data are presented as the mean £ SEM; see also Supplementary Table 3
for statistical details. */<0.05, **/<0.01, ***/<0.001.
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Fig. 3. Activation of PACAPPBLDR neyrons produces panic-like symptoms without forming
associative memory.

a, Schematic and histological confirmation of Cre- and Flp-dependent expression of ChR2
in the PBL of an AdcyapIC®* mouse for optogenetic activation of PACAPPBLDR neyrons.
Scale bars: 100 um. This experiment was repeated on seven mice with similar results. b,
Schematic of the optical conditioning test. c—e Immobility levels during conditioning (c),
context (d), and cue assessments (e). n = 7 mice per group. Laser activation is denoted

by blue shading. f, Schematic of the real-time place aversion test. g,h, Representative heat
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maps of mouse activity (g), and average time spent in the stimulation-paired and non-paired
chambers (h, unpaired two-sided #test, = 0.003). n = 7 mice per group. i,j, Breathing

(i) and heart rate (j) changes were induced by PACAPPBL—DR neyronal activation in a
frequency-dependent manner. n = 7 mice per group. Data are presented as the mean + SEM;
see also Supplementary Table 3 for statistical details. **/<0.01.
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Fig. 4. PACAPPBL=DR ax0n terminal activation produces panic-like symptoms but does not
create conditioned fear memory.

a, Schematic and histological confirmation of Cre-dependent expression of ChR2 in the PBL
of an Adcyap1C™* mouse for optogenetic activation of PACAPPBL—DR axon terminals.
Scale bars: 100 um. This experiment was repeated on four mice with similar results. b,
Schematic of optical conditioning test. c—e Immobility levels during the conditioning (c),
context (d), and cue tests (€). n = 4 mice per group. Laser activation is indicated by blue
shading. f, Schematic of the real-time place aversion test. g,h, Heat map (g), and time spent
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in stimulation-paired and unpaired chambers (h, unpaired two-sided #test, 7= 0.0008). n =4
mice per group. i,j, Breathing (i) and heart rate (j) and corresponding AUC analyses during
PACAPPBL™DR axon terminal activation (5 sec) at various photostimulation frequencies.
AUCs were subtracted from the AUC of the no-stimulation period. n = 4 mice per group.
Data are presented as the mean + SEM; see also Supplementary Table 3 for statistical

details. ***/P<0.001.
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Fig. 5. Inhibition of PACAPPBL=DR neyrons attenuates panic-like symptoms.
a, Schematic and histological confirmation of Cre- and Flp-dependent expression of hM4Di

in the PBL of an AdcyapIC"/* mouse for chemogenetic inhibition of PACAPPBL—DR
neurons. Scale bars: 100 um. This experiment was repeated on six mice with similar
results. b,c Representative heat maps of mouse activity (b), and immobile behavior

(c, repeated measure two-way ANOVA with Sidak’s multiple comparisons test) before
(normal air) and after CO, exposure during chemogenetic inhibition of PACAPPBL—DR
neurons. n = 9 control mice, n = 6 hM4Di mice. d,e, Representative heat maps of

mouse activity (d), and immobile behavior (e, repeated measure two-way ANOVA with
Sidak’s multiple comparisons test) after FG-7142 injection during chemogenetic inhibition
of PACAPPBL™DR neyrons. n = 9 control mice, n = 5 hM4Di mice. f,g, Breathing (f,
repeated measure two-way ANOVA with Sidak’s multiple comparisons test), and heart rate
(9, repeated measure two-way ANOVA with Sidak’s multiple comparisons test) changes
after FG-7142 injection during chemogenetic inhibition of PACAPPBL™DR neyrons. n =

9 control mice, n =5 hM4Di mice. Data are presented as the mean + SEM; see also
Supplementary Table 3 for statistical details. */<0.05, **/<0.01, ***/<0.001.
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Fig. 6. PAC1RPR neurons receive monosynaptic input from PACAPPBL neurons,
activation is necessary and sufficient for induction of panic-like symptoms.

a, Schematic and histological confirmation of retrograde rabies tracing of PACIRPR
neurons. b, Histological image of RVdG, PACAP (Adcyapl), and VGIUT2 mRNA (S/c17a6)
in the PBL (left), with statistical analysis of the presynaptic inputs in PBL (right). The
white arrowhead indicates an example of a presynaptic PACAPFPBL neuron colocalized

with VGIuT2. n = 9 slices, 3 mice. ¢, Histological image of RvVdG, PACAP mRNA
(Adcyapl), and VGAT mRNA (S/c32a1) in the PBL (left), with statistical analysis of
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the presynaptic inputs in PBL (right). The white arrowhead indicates an example of

a presynaptic PACAPPBL neuron. n = 9 slices, 3 mice. d, Schematic and histological
confirmation of Cre-dependent expression of hM4Di in the DR of an Adcyap1riCre*
mouse for chemogenetic inhibition of PAC1RPR neurons. ef Distance traveled (e, mixed-
effects analysis with Sidak’s multiple comparisons test), and immobile behavior (f, repeated
measure two-way ANOVA with Sidak’s multiple comparisons test) before (air) and after
CO, exposure during chemogenetic inhibition of PACIRPR neurons. n = 7 mice per group.
g,h, Distance traveled (g, mixed-effects analysis with Sidak’s multiple comparisons test),
and immobility behavior (h, repeated measure two-way ANOVA with Sidak’s multiple
comparisons test) after FG-7142 injection during chemogenetic inhibition of PACIRPR
neurons. n = 7 mice per group. i,j, Breathing (i, repeated measure two-way ANOVA

with Sidak’s multiple comparisons test), and heart rate (j, repeated measure two-way
ANOVA with Sidak’s multiple comparisons test) change after FG-7142 injection during
chemogenetic inhibition of PAC1RPR neurons. n = 7 mice per group. k, Schematic and
histological confirmation of Cre-dependent expression of ChR2 and optic fiber placement
in the DR of an AdcyapriC* mouse for optogenetic activation of PACIRPR neurons. |,
Photostimulation (10 sec, 40 Hz) induced immediate immobile behavior. Repeated measure
two-way ANOVA with Sidak’s multiple comparisons test. n = 6 trials/6 EYFP mice, n

=10 trials/5 ChR2 mice. Laser activation is indicated by blue shading. m,n, Breathing

(m, mixed-effects analysis with Sidak’s multiple comparisons test), and heart rate (n, mixed-
effects analysis with Sidak’s multiple comparisons test) changes following photoactivation
of PAC1RPR neurons (5 sec, 40 Hz). n = 10 trials/5 mice per group. All scale bars: 100 pm.
Data are presented as the mean + SEM; see also Supplementary Table 1, 3 for counting and
statistical details. */<0.05, **/<0.01, ***F<0.001.
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Fig. 7. Infusion of PAC1R antagonist PACAP (6-38) into DR attenuates panic-like symptoms.
a, Schematic and histological confirmation of cannula implantation into the DR of WT

mouse for infusion of PAC1R antagonist PACAP (6-38). Scale bars: 100 um. This
experiment was repeated on five mice with similar results. b—d Heat map of mouse

activity (b), distance traveled (c, repeated measure two-way ANOVA with Sidak’s multiple
comparisons test), and immobility behavior (d, repeated measure two-way ANOVA with
Sidak’s multiple comparisons test) before (air) and after CO5 exposure following PACAP
(6-38) infusion. n = 5 mice per group. e-h Representative heat maps of mouse activity (e),
distance traveled (f, repeated measure two-way ANOVA with Sidak’s multiple comparisons
test), velocity (g, repeated measure two-way ANOVA with Sidak’s multiple comparisons
test), and immobility behavior (h, repeated measure two-way ANOVA with Sidak’s multiple
comparisons test) after FG-7142 injection and PACAP (6-38) infusion. n = 5 mice per
group. Data are presented as the mean + SEM; see also Supplementary Table 3 for statistical
details. *~<0.05, **A<0.01.
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