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Summary

Breathing is profoundly influenced by both behavior and emotion* and is the only physiological
parameter that can be volitionally controlled*®. This indicates the presence of cortical-to-brainstem
pathways that directly control brainstem breathing centers, but the neural circuit mechanisms of top-down
breathing control remain poorly understood. Here, we identify neurons in the dorsal anterior cingulate
cortex (dACC) that project to the pontine reticular nucleus caudalis (PnC) and function to slow breathing
rates. Optogenetic activation of this corticopontine pathway (dACC—PnC neurons) in mice slows
breathing and alleviates behaviors associated with negative emotions without altering valence. Calcium
responses of dACC—PnC neurons are tightly correlated with changes in breathing patterns entrained by
behaviors, such as drinking. Activity is also elevated when mice find relief from an anxiety-provoking
environment and slow their breathing pattern. Further, GABAergic inhibitory neurons within the PnC that
receive direct input from dACC neurons decrease breathing rate by projecting to pontomedullary
breathing centers. They also send collateral projections to anxiety-related structures in the forebrain, thus
comprising a neural network that modulates breathing and negative affect in parallel. These analyses
greatly expand our understanding of top-down breathing control and reveal circuit-based mechanisms by
which slow breathing and anxiety relief are regulated together.


mailto:sunghan@salk.edu
https://doi.org/10.1101/2023.02.25.529925
http://creativecommons.org/licenses/by-nc/4.0/

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.25.529925; this version posted February 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC 4.0 International license.

Main Text

Breathing is more than simply a respiratory response to maintain gas homeostasis. Breathing rhythms are
entrained by various purposeful (swallowing, vocalization) and emotional (sighing, yawning, purring)
behaviors that require orofacial and pharyngeal activity®>"8, Moreover, humans can control breathing
rhythms via conscious effort — volitional breathing*5® — and slow breathing or mindfulness skills are
practiced across cultures to regulate emotion'>1!, Given this knowledge, the primary motor cortex'? and
high-order cortical regions, including the anterior cingulate cortex (ACC)%**4 and the supplementary
motor area?’, have been implicated in the central, non-respiratory control of breathing. However,
circuit-level research on breathing control has primarily focused on the medullary respiratory groups and
their roles in generating rhythmic patterns of breathing. Precise mechanisms for the cortical control of
breathing, in particular how top-down breathing circuits affect brainstem networks, remain elusive*®. In
this study, we identify a prefrontal-to-pontomedullary breathing circuit that slows breathing and alleviates
negative affect in parallel.

Identification of a top-down neuronal circuit that slows breathing

To identify circuits that could potentially relay top-down cortical inputs to breathing centers in the
brainstem, we performed an extensive search of the Mouse Brain Connectivity Atlas (using a ‘target
search’ tool; Allen Brain Institute, connectivity.brain-map.org) and the Mouse Brain Atlas (mouse.brain-
map.org) in the Allen institute for Brain Sciences (Extended data Fig. 1). We looked for regions that: 1)
receive inputs from the prefrontal cortex, 2) project to pontomedullary breathing centers, and 3) are
enriched for markers of inhibitory cell types (for inhibitory regulation of breathing). One of several
regions that satisfies these three criteria (Extended data Fig. la-d) was the pontine reticular nucleus
caudalis (PnC). To identify prefrontal neurons that project to the PnC, we performed retrograde tracing
using the cholerae-toxin B (CTB) tracer. CTB tracer conjugated with Alexa Fluor-555 (red fluorescence)
was injected into the PnC (Fig. 1a), revealing CTB-labelled neurons in prefrontal regions (Fig. 1b). The
majority of labelled cells (92.78 %, 1053 of 1135 neurons; n = 3 mice) were found in layer V of the dorsal
anterior cingulate cortex (dACC) and the secondary motor cortex (M2; Fig. 1c¢), whereas only 6.96 % and
0.26 % were found in other prefrontal sub-regions — namely the ventral anterior cingulate cortex (VACC;
with prelimbic cortex, PL) and the infralimbic cortex (IL), respectively. Hereafter, we refer to these
neurons as the dACC—PnC neurons.

To investigate the role of dACC—PnC neurons in breathing control, we used a projection-
specific labelling strategy to express the light-driven actuator, Channelrhodopsin-2 (ChR2), in the dACC.
A retrograde adeno-associated viral vector encoding Cre recombinase (AAVretro-Cre) was unilaterally
injected into the PnC. Another AAV vector that expresses ChR2 (fused with eYFP; AAV-DIO-ChR2-
eYFP; n = 6) or green fluorescence protein (for control group; AAV-DIO-eGFP; n = 5) in the presence of
Cre was bilaterally injected into the dACC (Fig. 1d). This resulted in the successful expression of eYFP
or ChR2-eYFP in the dACC (Fig. 1e). Consistent with our tracing results (Fig. 1c), only layer V neurons
in the dACC/M2 regions were labelled with eYFP. To eliminate confounding effects of locomotion on
breathing, these mice were carefully anesthetized and placed in a stereotaxic frame, and breathing was
monitored using inductance plethysmography (Fig. 1f). Baseline breathing rate under light anesthesia was
~200 breaths per minute (BPM). Notably, photoactivation of the dACC—PnC neurons significantly
reduced the breathing rate in the ChR2 group to below 170 BPM on average (Fig. 1g and 1h left). No
change in breathing rate was observed for controls (Fig. 1h left). Based on these results, we hypothesized
that dACC—PnC neurons are cortical breathing modulators that induce slow breathing upon activation.
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75  The same mice were also tested in a slightly deeper anesthetic state, where the baseline breathing rate was
76 150 BPM. Interestingly, no change in breathing rate was observed in both the ChR2 and control groups in
77  response to dACC—PnC neuronal activation (Fig. 1 h right), suggesting that this cortical breathing circuit,
78  unlike pontomedullary breathing centers, cannot override homeostatic respiratory controls and may
79  function only above a certain homeostatic threshold.
80 Based on our search of the Allen Mouse Brain Atlas, we predicted that dACC neurons target
81  GABAergic inhibitory neurons in the PnC (Extended data Fig. 1). To test this idea, we performed
82  anterograde tracing using serotype 1-packaged AAV (AAV1), which travels to efferent (downstream)
83  neurons in a trans-synaptic manner'®'’. An AAV1 vector encoding Cre recombinase (AAV1-Cre) was
84  injected into the dACC (Fig. 1i) and AAV-DIO-eGFP was injected into the PnC. The result was sparse
85  but successful expression of eGFP in PnC neurons (Fig. 1j; 90 cells in 3 mice). To determine which types
86  of cells were labelled, we immunolabelled PnC coronal sections with antibodies against GAD67, a marker
87  of GABAergic cells. In total, 72 of 90 cells (80%) were co-labelled with eGFP and GADG67 (Fig. 1k and
88 1l), indicating that dACC neurons project to inhibitory neurons in the PnC.
89 We next tested the role of PnC GABAergic neurons (PnCC®ABA) in breathing control using
90  optogenetics. We injected AAV-DIO-ChR2-eYFP (Fig. 1m and 1n), AAV-DIO-eNpHR3.0 (an AAV that
91  expresses halorhodopsin-3.0 in the presence of Cre; Extended data Fig. 2a), or control AAV-DIO-eGFP
92 into the PnC of Vgat-ires-Cre transgenic mice, which express Cre in GABAergic neurons. During testing
93  of lightly anesthetized mice, breathing rhythms were monitored using inductance plethysmography
94  (baselines of 200 or 150 BPM). When photostimulation was applied, a dramatic decrease in breathing rate
95  was observed in the ChR2 group for both breathing baseline conditions (Fig. 1o and 1p), whereas the
96  control group exhibited no change. Conversely, an increase in breathing rate was observed when PnCGABA
97  neurons were photoinhibited via eNpHR3.0 (Extended data Fig. 2a-d). These data indicate that PnCSABA
98  neurons are inhibitory regulators of breathing rhythm, and their activation slows breathing. Therefore,
99  inputs from the prefrontal area (dAACC/M2) to the PnC comprise a top-down modulatory circuit that
100  induces slow breathing.
101
102  Neuronal activity correlates with breathing changes during purposeful behaviors
103  Breathing can be profoundly controlled by behavior. In particular, behaviors that require oropharyngeal
104  activities and airway protection can perturb or entrain breathing cycles®>’. We hypothesized that
105  dACC—PnC neurons and their downstream PnC®ABA targets respond to purposeful behaviors that require
106  synchronization of breathing, such as drinking. While coordination of breathing and swallowing behavior
107 is generally controlled by trigeminal reflexes!®, accumulating evidence suggests that apnea during
108  drinking also involves inputs from high-order cortices'**>'°, For example, distinct breathing patterns are
109  seen during conscious drinking and unconscious swallowing®, and neuroimaging studies have revealed
110  that the dACC and supplementary motor area (SMA) are activated during the oral/preparatory phase
111 before swallowing>1°,
112 To monitor breathing signals in freely behaving mice, we implanted a micro-thermistor sensor
113  into the nasal cavity?"?%?! (Fig. 2a). Temperature difference between inspiratory and expiratory breathing
114  cycles was converted into voltage signals by the sensor. To simultaneously monitor breathing rhythms
115  and dACC—PnC neuronal activity (Fig. 2a and 2c), the same group of mice received another round of
116  surgery to express the calcium-activity indicator jJGCaMP7s. Similar to Fig 1d, AAVretro-Cre vector was
117  injected into the PnC, and another AAV carrying a Cre-dependent jGCaMP7s cassette (AAV-FLEX-
118  jGCaMP7s) was unilaterally injected into the dACC (Fig. 2c). We monitored breathing and calcium
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119  signals in mice as they voluntarily drank water (Fig. 2b). dACC—PnC neurons were transiently activated
120  upon the oral phase of drinking behavior, which was defined as the moment a bolus of water was taken
121  into the mouth cavity (Fig. 2d and 2e). Downstream PnC®*BA neuronal activity was monitored using
122 transgenic mice (Vgat-ires-Cre) that express the jGCaMP7s indicator in the PnC (Fig. 2f). Similarly,
123 prominent increases in PnC®*BA neuronal activity were observed during drinking events (Fig. 2g and 2h).
124  Therefore, consistent with previous human studies, our results demonstrate that a top-down breathing
125  circuit and its downstream targets are activated during drinking behaviors to coordinate breathing rhythms.
126 We next monitored breathing rhythms and dACC—PnC or PnC®*A neuronal activity during
127  other behaviors that involve oropharyngeal activities, namely swimming, squeaking (vocalization), and
128  sniffing (Extended data Fig. 3). Two types of swimming tests were performed. Mice were briefly
129  submerged in water (1-2) and then either immediately removed from the water (withdrawal test) or
130  allowed to swim after release. During the withdrawal test (Extended data Fig. 3a-€), apneic breathing
131  cycles were observed only during submersion and fast breathing cycles resumed after withdrawal.
132 Consistent with these breathing changes, short (~2 s) increases in dACC—PnC and PnC®*BA neuronal
133 activity were induced during submersion and decreases in neuronal activity were observed after
134  withdrawal. The release/swim test resulted in dramatic changes in breathing patterns with repeated apneic
135  cycles (Extended data Fig. 3f-j). Both JACC—PnC and PnC®*BA neurons showed sustained increases in
136  calcium signals, revealing a correlation between neuronal activity and slow-apneic breathing cycles.
137  While the extent to which the cerebral cortex modulates breathing rhythms during swimming is not yet
138  fully understood (due to technical limitations), evidence from humans and rats suggests that the activation
139  of prefrontal and motor cortical regions may be involved in controlling breathing during swimming. Our
140  data are consistent with top-down pathways helping to modulate breathing rhythms during swimming,
141 working in combination with the well-established trigeminal diving reflex.

142 Finally, we monitored the activity of dACC—PnC neurons during foot shock-induced
143  vocalization or sniffing. Shock-induced vocalizations (squeaks) were only seen during slow expiratory
144 Dbreathing cycles, resulting in a decrease in breathing rate. Notably, these vocalizations were associated
145  with an increase in dACC—PnC activity, again revealing a correlation between activation of these
146 neurons and slow breathing rate (Extended data Fig. 3k-n). In contrast to drinking, swimming, and
147  squeaking, which require slow or apneic breathing cycles, sniffing is a behavior that results in faster
148  breathing cycles (as much as 600 BPM). Following contact with an object and the onset of sniffing,
149  decreased dACC—PnC neuronal activity was observed. Rebound-like activation was then observed upon
150  the termination of sniffing (Extended data Fig. 3o-r). These data suggest that dACC—PnC neurons
151  receive inhibitory inputs when the animal is engaged in fast-breathing behavior (Extended data Fig. 30-r).

152 Taken together, data acquired using the nasally implanted thermistor sensor revealed that activity
153  patterns of the dACC—PnC pathway are tightly correlated with changes in breathing patterns during
154  behaviors that require coordinated changes in breathing. While many of these behaviors are controlled by
155  somatic and trigeminal reflexes, our findings suggest that a top-down, slow-breathing pathway is also
156  involved in regulating the behavioral entrainment of breathing, presumably operating at different stages of
157  the entrainment process.

158

159  dACC—PnC activity correlates with emotionally evoked breathing changes

160  Hyperventilation and shortness of breath are prominent symptoms of anxiety and panic disorders in
161  humans®*?2, whereas long, slow breaths or mindfulness skills can help alleviate anxiety>!*?*, We next
162  investigated how dACC—PnC neurons respond to anxiety-provoking environments and how these
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163  responses correlate with behavior and breathing patterns. We recorded calcium responses and breathing
164  (as in Fig. 2a) while mice were placed in an elevated plus maze (EPM; Fig. 3a). All mice tested (n = 6)
165  exhibited an increase in breathing rate while in exposed areas (center or open arms) compared to when
166  they were in closed arms (Fig. 3b). Consistent with our previous study?, we found a precise correlation
167  between the location of the mouse and its breathing rate (Fig. 3c-f). We observed slow breathing cycles
168  after “escape” events — when a mouse moved from an exposed area to a closed arm (Fig. 3e and 3f).
169  Increases in JACC—PnC activity were also observed during these escape events (Fig. 3d), revealing a
170  correlation between slow breathing cycles and increased dACC—PnC neuronal activity. A detailed
171  analysis of breathing phases further revealed that elongation of the expiratory phase (post-inspiration
172 through expiration) contributed to the slower breathing rate (Fig. 3g).

173 We further analyzed dACC—PnC activity patterns during the voluntary exploration of open arms.
174  During each episode, the change in dACC—PnC neuronal activity was calculated by subtracting the
175  calcium level at open-arm entry from the calcium level at open-arm exit (Fig. 3h). This revealed an
176  interesting correlation between neuronal activity and mouse behavior in the open arms. Prominent
177  decreases in JACC—PnC activity were observed when mice failed to reach the end of the open arm, but
178  instead quickly returned to the center (refrained behavior, Fig. 3j). By contrast, neuronal activity persisted
179  or gradually increased in most episodes (80%) in which the mouse fully explored the open arm (full
180  exploration, Fig. 3k and 3I). These analyses reveal a correlation between the response of dACC—PnC
181  neurons and anxiety-related behaviors. In another set of experiments, mice were exposed to a similar but
182  inescapable anxiogenic environment (Extended data Fig. 4). For these experiments, mice were placed in a
183  closed cylinder on an elevated platform and then the cylinder was removed to expose them to height. This
184  exposure elicited a steep increase in breathing rate (reaching ~600 BPM) and a concurrent decrease in
185  dACC—PnC activity (Extended data Fig. 4).

186 Taken together, these experiments show that dACC—PnC neuronal activity is correlated with
187  breathing and behavior in anxiety-provoking environments. Specifically, we observed increases in
188  dACC—PnC neuronal activity during escape events, which were coupled with slow breathing cycles
189  characterized by longer exhales. dACC—PnC activity decreased in anxiogenic environments (open arms
190 of an elevated plus maze or an elevated platform). However, persistent dACC—PnC activity was
191  observed when mice overcame an anxiogenic condition and fully explored the environment, suggesting
192  that increased JACC—PnC activity promotes relief from anxiety.

193

194  The dACC—PnC circuit alleviates anxiety-like behaviors

195  Our calcium imaging results revealed that JACC—PnC neuronal activity was inhibited by anxiety-
196  provoking environments, whereas neuronal activity persisted when mice overcame an anxiogenic
197  condition. We therefore hypothesized that artificial activation of dACC—PnC neurons would suppress
198  anxiety-like behaviors in mice and drive exploratory behaviors. To selectively activate dACC—PnC
199  neurons in anxiety tests, we used the same viral strategy as in Fig. 1d-e to bilaterally express ChR2 in
200 dACC—PnC neurons (Fig. 4a). We first performed a control test using a real-time place preference
201  (RTPP) paradigm, which does not promote anxiety-like behaviors but instead reveals potential changes in
202  valence (see the Methods section for details regarding the RTPP paradigm). During the second epoch of
203  testing (minute 10-20 of a 30-min session), light stimulation was applied when the mouse was in one
204  chamber of a two-chamber box. Following this stimulation, neither the ChR2 nor control groups
205  displayed preference or aversion for the light-paired chamber (Fig. 4b), indicating that dACC—PnC
206  activation does not alter valence. As a second control test, one chamber of the two-chamber box was
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207  paired with the odor of a female mouse cage to provoke male-approach behavior. Male mice showed
208  strong preference for the odor-paired chamber, and this behavior was not altered by photoactivation (Fig.
209  4c). Next, these mice were tested in an aversive environment where one side of a cage was paired with
210  fox anogenital odor — trimethylthiazoline (TMT)?. Mice avoided the TMT odor, but this avoidance was
211 abolished by dACC—PnC photostimulation in the ChR2 group but not in controls (Fig. 4d). Similar
212 results were seen for other tests that probe behaviors associated with fear and anxiety, such as the elevated
213 plus maze test (Fig. 4e), the looming-hiding task?, and the light-dark choice test (Extended data Fig. 5).
214  Photostimulation of the ChR2 group increased exploration of the open arms in the EPM test (Fig. 4¢) and
215  exposed regions of each test arena. Taken together, these results show that activation of dACC—PnC
216  neurons consistently alleviates anxiety-like responses to aversive stimuli without altering valence or
217  approach behaviors.

218 We then sought to characterize the circuit that acts downstream of dACC—PnC neurons to
219  promote anxiolysis. We reasoned that JACC—PnC projections could drive changes in both breathing rate
220  and emotion. Alternatively, FACC—PnC projections could control breathing, whereas axon collaterals of
221  these neurons could target other downstream regions to alleviate negative affect. We found that
222 dACC—PnC neurons send putative collaterals to several other regions, including the dorsal striatum, the
223 mediodorsal and ventral midline thalamic nuclei, the zona incerta, and the deep mesencephalic nucleus of
224 the midbrain (Extended data Fig. 6). Using mice that express ChR2-eYFP in dACC—PnC neurons, we
225  photostimulated axon collaterals within the zona incerta (ZI; Fig. 4f), a brain region known to regulate
226  fear- and anxiety-related responses in mice?”28, This did not affect anxiety-like behavior in the elevated
227  plus maze test (Fig. 4g). By contrast, stimulating terminals within the PnC increased the time spent
228  exploring the open arm (Fig. 4h and 4i). Using mice that express eNpHR3.0-eYFP in dACC—PnC
229  neurons, we asked whether inhibiting dACC—PnC projections affected anxiety-like behavior (Fig. 4j).
230  No changes in behaviors were observed in control tests, namely the real-time place aversion or female
231 odor preference tests (Extended data Fig. 7). In the EPM test, however, photoinhibition of dACC—PnC
232 terminals reduced time spent exploring the open arm (Fig. 4k). Taken together, these results indicate that
233 dACC—PnC projections are important for controlling anxiety-related responses in threatening
234 environments.

235 Given these results, we next characterized the downstream projections of PnC®ABA neurons.
236  Using Vgat-ires-Cre transgenic mice that express ChR2-eYFP in the PnC, we found eYFP-labelled axons
237  in a wide range of medullary structures (Fig. 4l) covering the dorsolateral and ventrolateral medulla
238  (DLM and VLM), as well as the shell of the external parabrachial nucleus (PBel*"™") in the pons, regions
239  critically involved in pneumotaxic and rhythmogenic control of breathing®?°. Importantly, eYFP-labelled
240  fibers were also found in a few forebrain regions (Fig. 4m) including the lateral habenula (LHb), the
241  paraventricular thalamic nucleus (PVT), and the bed nucleus of the stria terminalis (BST), structures
242  implicated in fear and anxiety responses®®-33, Therefore, the practice of slow breathing may alleviate
243 anxiety and negative affect in parallel through divergent connectivity of the PnC®ABA neurons (Fig. 4n).
244

245  The dACC—PnC circuit is required to coordinate breathing and behavior

246 Throughout the study, we observed activation of JACC—PnC neurons during behaviors that must be
247  coordinated with slow breathing rhythms. To determine whether dACC—PnC neurons coordinate
248  Dbreathing and behavior, we inhibited the JACC—PnC circuit and assessed the effect on both breathing
249  cycles and associated behaviors, namely drinking and anxiety-related behaviors. To photoinhibit
250  projection terminals, surgical procedures were performed to express eNpHR3.0-eYFP (or control eGFP)


https://doi.org/10.1101/2023.02.25.529925
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.25.529925; this version posted February 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

251  in dACC—PnC neurons (Fig. 5a). Fiber optic elements were implanted into the PnC region to deliver

252 light stimuli, and thermistor sensors were implanted in the nasal cavity to simultaneously record breathing
253  rhythms.
254 We first inhibited the dACC—PnC circuit and assessed the impact on voluntary drinking and

255  paired breathing cycles. After overnight dehydration, mice in both groups (eNpHR3.0-eYFP or control
256  eGFP) drank successfully (i.e., took the water bolus into their mouth) when water droplets were presented
257  for 20 s without light stimulation. On the first drinking episode during the light-ON session, both groups
258  drank successfully, but in subsequent episodes the eNpHR3.0 group exhibited refusal behaviors and
259  decreased drinking success compared to the control group (Fig. 5¢ and 5d). Once trials were no longer
260  paired with photoinhibition, drinking success rates for the eNpHR3.0 group recovered to > 70% by the
261  third session (Extended data Fig. 8). Drinking responses of the control group were highly successful (>
262 80%) throughout the testing session. To determine whether breathing was affected by photoinhibition, we
263 analyzed breathing cycle lengths during drinking behavior (defined as -100 to +500 ms from drinking; Fig
264  5e). Compared to the control group, eNpHR3.0 mice exhibited shorter breathing cycles during drinking
265  behavior (fewer breathing cycles that exceeded 300 ms and more breathing cycles of 100-150 ms) (Fig.
266  5f). Importantly, the eNpHR3.0 group paired shorter apneic cycles with drinking episodes than controls
267  (Fig 5g). These data indicate that the JACC—PnC circuit is required to successfully coordinate slow
268  breathing cycles and voluntary drinking behavior. Thus, the trigeminal pathway mediates reflex responses
269  during unconscious swallowing, whereas top-down pathways may play a critical role in the preparatory
270  control of breathing cycles to ensure safe coordination.

271 Finally, to explore the effect of dAACC—PnC inhibition on anxiety-related behaviors, we utilized
272 a light/dark choice model that probes anxiety-related states based on exploration of a light zone. We
273 designed a light/dark testing chamber in which half of an open square arena was shaded (Fig. 5h). Mice
274 could move freely between light and dark zones with minimal hinderance from patch cords used to
275  monitor breathing and deliver light. While in the light zone, mice received 590-nm light stimuli to inhibit
276 dACC—PnC terminals. Notably, mice in the eNpHR3.0 group spent less time in the light zone compared
277  to controls (Fig. 5i and 5j). Consistent with this behavioral change, the eNpHR3.0 group exhibited a
278  smaller proportion of slow breathing cycles (cycles slower than the median breathing rate throughout
279  testing) when in the light zone (Fig. 5k), indicating that the dACC—PnC circuit is required to induce slow
280  breathing cycles to relieve anxiety. Taken together, these analyses demonstrate that the dACC—PnC
281  circuit is necessary to coordinate behaviors with slow breathing.

282

283  Discussion

284  Most breathing research has targeted brainstem networks that receive somatic input to maintain gas
285  homeostasis (pH, blood O, and CO; levels) and to generate rhythmic breath cycles through cranial and
286  spinal motor pathways!®. Compared to these well-characterized networks in the deep brainstem, how
287  cortical circuits and their projections modulate breathing rhythms remains poorly understood. Here we
288  describe a prefrontal circuit that projects to inhibitory neurons in the pons, which in turn project widely to
289  breathing centers in the pons and medulla. The JACC—PnC circuit, along with downstream PnC®A8A
290  neurons, promote slow breathing cycles and respond to behaviors such as drinking to entrain slow/apneic
291  Dbreathing cycles. Taken together, here we report the discovery of a top-down brain circuit for the
292  inhibitory control of breathing and the coordination of breathing and behavior.

293 It has been proposed that neurons in the primary motor cortex that bypass pontomedullary
294  Dreathing circuits and project directly to the spinal cord (the corticospinal tract) are crucial for the
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295  volitional/behavioral control of breathing®?. However, this theory has limitations, as it is unclear how
296  these cortical circuits would incorporate on-going functions of autonomous breathing circuits instead of
297 interfering with them*. Moreover, accumulating evidence in mice and rats indicates that medullary and
298  pontine neuronal responses are correlated with and required for the entrainment of breathing rhythms to
299  sniffing behaviort?734, Multiple studies in a wide range of species (including cats, birds, and monkeys)
300 report that the parabrachial nucleus of the pons plays a critical role in coordinating vocalizations and
301  respiratory rhythms®3’. These behaviors are used to voluntary interact with objects, environments, and
302  conspecifics, and thus must be tightly synchronized with behavioral status!*8. Therefore, it is unlikely that
303  Dbehavioral inputs simply bypass the pontomedullary networks. Instead, pontomedullary breathing
304  networks are likely modulated by top-down inputs.

305 Various voluntary efforts to change breathing patterns (e.g., by emphasizing longer exhales or
306  box breathing) are used to control emotions?*%%-42, However, it is not fully understood how these practices
307 modulate the internal state of the brain. One line of research explores changes in bodily states and
308  feedback interoception. The thinking is that longer expiration (exhale) leads to a decreased heart rate via
309 respiratory sinus arrhythmia®®, which in turn affects the interoceptive perception of the heart rate*.
310  Another line of research explores the role of medullary breathing centers themselves. Neurons in the
311  preBotzinger complex that express Cdh9 and Dbx1 respond to the inspiratory phase of breathing in mice®.
312  These neurons project to noradrenergic neurons in the locus coeruleus. Therefore, fast or slow breathing
313 rhythms may modulate the activity of noradrenergic neurons, which then influence the brain-wide state of
314  arousal. Along with these bottom-up mechanisms, our current findings reveal a complementary
315  mechanism in which a top-down breathing circuit is critical for controlling negative emotions. Inhibitory
316  PnC neurons, which receive input from the anterior cingulate cortex, project to medullary breathing
317  centers but also to anxiety-related regions in the forebrain. Given this connectivity, the alleviation of
318  negative affect may occur simultaneously with volitional efforts to slow breathing cycles.

319
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321  All data are available from the corresponding author upon request.
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439  Methods

440  Mice

441  All procedures for animal surgical and behavioral experiments were approved by the institutional animal
442  care and use committee (IACUC) of the Salk Institute according to NIH guidelines for animal
443  experimentation. Wildtype or Vgat-ires-Cre transgenic lines with C57BI/6 background were group-
444  housed on a 12-h light/dark cycle under constant temperature and humidity conditions, and provided with
445  food and water ad libitum, except experiments with single housing or overnight restriction of water.

446

447  Respiratory measurements

448  Inductance plethysmography. Pressure signals generated by respiratory chest movements were converted
449  into voltage signals by a piezoelectric sensor placed beneath the chest of mice under isoflurane-induced
450  anesthesia. To induce anesthetic conditions with varying breathing rates, the duration and concentration
451  of isoflurane treatment were carefully adjusted. Mice were initially exposed to 3% isoflurane. Five-ten
452  seconds after the loss of movement, mice were moved to a stereotaxic frame. Isoflurane concentration
453  (delivered through the nasal cone of the stereotaxic device) was adjusted to 0.8-1% or 1.2-1.5%, to induce
454  light (with ~200 breathing cycles per minute; BPM) or deep (~150 or 100 BPM) anesthetic conditions.
455  The piezoelectric sensor was connected to a PowerLab monitoring system which was operated by
456  LabChart 8 Pro software (ADInstruments). LabChart 8 Pro software was used for the sampling of voltage
457  signals, signal processing, detection of breathing cycles, and the calculation of breathing rate or amplitude.
458  Data were sampled at 400 Hz, low-pass filtered at 10 Hz, and smoothed with a 100-ms window. (Fig. 1h,
459 1o, and 1p). For statistical analysis, the 150-second data of breathing rate was divided into 30-second
460  periods and averaged within each period. The plots (Fig. 1h, 1p and 1q) represent 150 bins (1-s each) of
461  the raw data obtained with 400-Hz sampling rate.

462

463  Breathing monitoring with nasal thermistor sensor. Nasal thermistor-based breathing monitoring was
464  performed as described®“¢. The custom sensor was built with an NTC thermistor (TE Connectivity) and
465  an interconnector (Mill-Max), and stereotaxically implanted in the nasal cavity of mice, with
466  approximately 1 mm of depth from the skull surface. During the monitoring experiments in awake
467  behaving mice, the interconnector was attached to an electric patch cord, which then connects to a rotary
468  joint with a voltage divider (Phidgets) and to the PowerLab device. Temperature difference between
469  inspiratory and expiratory airflow was converted into voltage signals. Data were sampled at 1 kHz,
470  filtered with a 0.4-25 Hz band-pass filter, and smoothed with 50-ms moving window. Breathing cycles,
471  rate, and estimated amplitude were automatically calculated by the LabChart Pro 8 software, and peak
472  detection was validated with manual observation.

473

474  Stereotaxic surgery

475  Mice were anesthetized with isoflurane (4% initial, 1.5% for maintenance) and fixed on a stereotaxic
476  surgery frame (David Kopf Instruments) equipped with a heating pad. The skull was exposed using
477  scalpels, and the cranium was drilled with a handpiece drill (Foredom). Viral solutions or the CTB tracer
478  were loaded into glass pipettes filled with mineral oil, then injected into target brain coordinates at the
479  rate of 1 nL per second using a Nanoject 1l programmable injector (Drummond Scientific). Target brain
480  coordinates (relative to bregma) for virus and CTB tracer injections were: anterior-posterior (AP) +1.2
481  mm, medial-lateral (ML) £0.5 mm, dorsal-ventral (DV) -1.2 mm for the bilateral dACC, and +15 degrees
482  angled, AP -5.0 mm, ML +1.8 mm, DV -5.4 mm, for the unilateral PnC. Behavioral experiments with
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483  optogenetics or calcium imaging were performed 3-4 weeks after the injection surgery. Nasal thermistors
484  were implanted on the same day of injection surgeries. In case thermistors were implanted alone (without
485  virus injection), mice were allowed to recover for 7 days after the surgery.

486 For optogenetic control of dACC—PnC neurons or projection terminals, 400-nL solution of
487  AAVUj-EF1a-DIO-hChR2-eYFP-WPRE-pA (1.2E+12 GC/mL) or AAV5-EFla-DIO-eNpHR3.0-eYFP-
488  WPRE-pA (6.1E+12 GC/mL GC/mL) or control AAVdj-syn-DIO-eGFP (2.3E+12 GC/mL) was injected
489  into the dACC coordinate, and 200-nL solution of AAV retrograde-EFla-Cre-WPRE-pA ( GC/mL) was
490 injected in the PnC. Two fiber-optic cannulas (200-um core diameter) were implanted into bilateral dACC
491  coordinates (+2 degrees angled, AP +1.2 mm, ML £0.6 mm, DV -1.2 mm) for the stimulation of somata.
492  Fiber optic cannulas (200-um core diameter) were implanted into ZI (bilateral; AP -1.8 mm, ML £1.2 mm,
493 DV -4.3mm) or PnC (unilateral; AP -5.0 mm, ML +0.4 mm, DV -5.0 mm, not angled) coordinates for the
494  experiments targeting projection terminals. For optogenetic control of PnC®*84 neurons, 300-nL solution
495  of AAVdj-EFla-DIO-hChR2-eYFP-WPRE-pA (1.2E+12 GC/mL) or AAV5-EFla-DIO-eNpHR3.0-
496  eYFP-WPRE-pA (6.1E+12 GC/mL GC/mL) or control AAVdj-syn-DIO-eGFP (2.3E+12 GC/mL) was
497  injected into the PnC coordinate (as described above) in Vgat-ires-Cre transgenic mice. A fiber optic
498  cannula with 200-um core diameter was implanted into the PnC (AP -5.0 mm, ML +0.4 mm, DV -5.0 mm,
499  not angled).

500 For calcium activity monitoring of dACC—PnC neurons, 400-nL solution of AAV1-syn-FLEX-
501 jGCaMP7s-WPRE (1.5E+13 GC/mL) was injected into the right (unilateral) dACC, and 200-nl solution
502  of AAV retrograde-EFla- Cre-WPRE-pA (GC/mL) was injected into the PnC, then a fiber-optic cannula
503  (with 400-um core diameter) was implanted into the dACC coordinate (AP +1.2 mm, ML +0.5 mm, DV -
504 1.2 mm). For calcium activity monitoring of PnC®A8A neurons, 300-nL solution of AAV1-syn-FLEX-
505 jGCaMP7s-WPRE (1.5E+13 GC/mL) was injected into the right PnC coordinate, and a fiber optic
506  cannula with 400-um core diameter was implanted into the PnC.

507 For anterograde labelling of PnC neurons, 400-nL solution of AAV1-syn-Cre-WPRE-pA
508  (3.4E+13 GC/mL GC/mL) was injected into the right (unilateral) dACC, and 300-nL solution of AAVdj-
509 syn-DIO-eGFP (2.3E+12 GC/mL) was injected into the PnC. Eight weeks after injection, mice were
510 sacrificed by transcardial perfusion for collection of the brain.

511 For retrograde tracing using CTB, 200-nL solution of a CTB tracer conjugated with Alexa 555
512  fluorescence was injected into the PnC. Ten days after injection, mice were sacrificed by transcardial
513  perfusion for collection of the brain.

514

515  Optogenetic stimulation

516 A 470-nm collimated diode and a 589-nm diode-pumped solid-state (DPSS) laser devices were used for
517  the optogenetic activation and inhibition experiments, respectively. For photoactivation mediated by
518  ChR2, 470-nm 20-Hz square pulses (5-ms pulse width, ~9 mW at the fiber tip) were delivered through the
519  patch cord and the connected fiber-optic cannula. For photoinhibition mediated by eNpHR3.0, continuous
520  yellow light (589-nm, ~6 mW at the fiber tip) was delivered through the fiber-optic components.

521

522  Behavior with fiber photometry

523  Fiber photometry. A dual-wavelength fiber-photometry system (Doric Lenses) was assembled with a
524  dichroic mini cube (iFMC4), 405-nm and 465-nm connectorized LEDs, a fluorescence detector/amplifier,
525  then connected with a pyPhotometry controller board (1.0.2) and operated by Python script provided by
526  pyPhotometry. Calcium-dependent fluorescence (465-nm excitation; Fags) and isosbestic control
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527  fluorescence (405-nm excitation; Fsos) were monitored at 130-Hz sampling rate using 1-color time-
528  division mode (alterations), and the data were analyzed by a custom-built LabView software. Isosbestic
529  Fuos fluorescence was fitted to Fses signals by least mean squares fitting (Faos™™?). Motion-corrected
530 fluorescence signal (dF/F) was calculated by: (Fass — Faos"*%)/Faos™?, Both breathing monitoring
531  (PowerLab) and fiber photometry systems received a synchronization signal (3.3-V or 5-V TTL)
532  generated by a cDAQ output device (NI-9401, National Instruments) or a Raspberry Pi 4B device.

533

534  Drinking behavior. Prior to the experiment, mice were restricted from water for 24 hours. Mice were
535  connected to an electric cord and an optical patch cord for the monitoring of breathing and calcium
536  signals, respectively, and placed in a cylindrical chamber (15-cm height, 11-cm diameter). For one trial, a
537  10-ul water bolus (droplet) was provided through a small hole (~1.5 cm diameter) using a micropipette.
538  Trials were repeated (with ~30 s inter-trial intervals) until the mouse refuses to drink. Behavior was
539  video-recorded at a 25-Hz frame rate. The ‘drinking behavior’ for peri-event analysis (breathing and
540  calcium signals) was defined by the moment (frame) the water bolus was absorbed into mouth.

541

542  Withdrawal and swimming. Before exposure to water (25°C water, 12-cm depth, placed in a glass
543  cylinder with 15-cm diameter), electric and optical connections were thoroughly covered with a
544  hydrophobic jelly (petroleum). Mice were lifted by their tail and slowly descended into the water until
545  their lower face and upper limbs were submerged. For withdrawal experiment, mice were removed by
546 lifting after 1-2 s of brief submersion. For release/swimming experiments, mice were gently released and
547  allowed to swim for 30-60 s. Behavior was video-recorded from the side at a 10-Hz frame rate.

548

549  Shock-induced vocalization (squeaking). Mice were connected to electric and optical patch cords (for
550  Dbreathing monitoring and photostimulation, respectively) and placed in a chamber equipped with a grid
551  floor for shock delivery. Behavior was video-recorded from the top at a 10-Hz frame rate, and sound
552  waveform was recorded at a 22 kHz sampling rate. During the experiment, mice received four repeats of
553  electric foot shocks (2 s, 0.3 mA) with 30-60 s inter-trial intervals. The sound file (wav) was high pass
554  filtered at 7 kHz to remove background noise, allowing for the extraction of the sound of squeaking
555  vocalization.

556

557  Obiject sniffing. Mice were connected to electric and optical patch cords and placed in a shoebox cage
558  with fresh cage beddings (29 x 18 x 13 cm). After an acclimation period of 3 min, a novel object (wooden
559  cylinder) was placed in the cage at a location opposite to where the mouse was positioned. The mouse’s
560  behavior was video-recorded from above at a 10-Hz frame rate. Three episodes of contact-sniffing
561  behavior were analyzed for each mouse in conjunction with breathing cycles and calcium activities. The
562  onset of sniffing was defined by the moment that the mouse contacted the object with its nostrils, whereas
563  the termination of sniffing was defined by the moment of retraction behavior.

564

565  Elevated plus maze (EPM). A custom-built plus-shaped maze made with white Plexiglass (77-cm long
566  opposite closed arms, 77-cm long closed arms, and a square-shaped center plate with 7-cm sides) was
567  situated 70 cm above the floor. For the EPM test, mice were connected to electric and optical patch cords,
568  placed on the center plate, and allowed to voluntarily explore the environment for 10 min. Behavior was
569  video-recorded from the top at a 10-Hz frame rate using a custom-built LabView software. For data
570  synchronization, pyPhotometry and breathing monitoring (PowerLab) systems received a digital output
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571  (TTL) signal generated by cDAQ NI-9401 device (National Instruments; operated by the LabView
572  software).

573

574  Elevated platform. A circular plastic platform (12-cm diameter) was equipped on a tripod and situated
575  100-cm above the ground. An opaque plastic tube (15-cm height, 11-cm diameter) was placed on top of
576  the platform. Mice were connected to electric and optical patch cords and placed in the cylinder. After
577  acclimation for 15 min, the tube was gently lifted by hand and mice were exposed to inescapable height.
578  Behavior was video-recorded from the side at a 10-Hz frame rate.

579

580  Behavior with optogenetics

581  Real-time place preference (RTPP). A two-chamber white Plexiglass box with dimensions of 60 x 30 x
582 30 cm (W x D x H) was used for the RTPP test. Mice expressing ChR2-eYFP or eGFP constructs in
583 dACC—PnC neurons were connected to a bilateral optical patch cord, placed in the testing arena, and
584  allow to freely explore the environment for 30 min. Behavior was video-recorded from the top at a 10-Hz
585  frame rate, and the location of the mouse (body center) was monitored in real time using EthoVision 11
586  tracking software (Noldus). During the second epoch (the second 10 min), one of the chambers was
587  paired with photostimulation. The pairing of stimulated chamber (left or right) was counterbalanced for
588  each mouse.

589

590 Female odor preference. Male mice (in the same groups used for RTPP) were used for a female odor
591  preference test. Mice were connected to optical patch cord and placed in the same two-chamber testing
592  arena. One side of the box (counterbalanced for each subject) was equipped with a 30-mm Petri dish that
593  contains cage bedding collected from a female cage. Male mice were allowed to freely explore the
594  environment for 30 min. During the second epoch (10 min), photostimulation was paired with the odor-
595  equipped chamber.

596

597  TMT (Trimethyl-1,4,5-thiazoline) avoidance test. A plastic cage with dimensions of 47 x 26 x 21 cm (W
598 x D x H) was used for the TMT avoidance test. Mice from the same groups (male mice, used for the
599  RTPP and female odor test) were placed in the testing cage. One side of the cage (counterbalanced for
600  each subject) was equipped with a 30-mm Petri dish that contains 300-uL of 10% TMT. Mice were
601  allowed to freely explore the environment for 15 min. During the second epoch (5 min), photostimulation
602  was delivered.

603

604  Elevated plus maze (EPM). A plus-shaped white Plexiglass arena composed of two closed arms (77 cm),
605 two open arms (77 c¢cm), and a square center plate (7 cm) was situated 70 cm above the floor. For
606  photoinhibition experiments with low baseline anxiety, mice were habituated by 5-10 min handling for 7
607  days. On the test day, mice were connected to optical patch cord then placed in the center plate of the
608  EPM arena. Mice were allowed to explore the environment for 15 min. During the second epoch (5 min)
609  of photoactivation experiments, 20-Hz 470-nm photostimulation was delivered. During the second epoch
610  of photoinhibition experiments, continuous 589-nm light was delivered when mice were in center and
611  openarms.

612

613  Looming-hide test. A plastic cage with dimensions of 47 x 26 x 21 cm (W x D x H) was used for the
614  looming-hide test. Similar to a previous study?, the cage was equipped with a hiding shelter 13 x 24 x 21
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615 cm (W x D x H) and an overhead display. Mice were acclimated in the testing chamber for 4-5 min and
616  the time spent in the hiding shelter was monitored as baseline behavior. After acclimation, 15 repeats of
617  expanding looming disk (black, 25-cm diameter) were presented in 24 s. Mice that successfully ran into
618  hiding shelter received continuous light stimulation (20-Hz 470-nm) for 4 min.

619

620  Light/dark choice test. A white Plexiglass arena with dimensions of 41 x 41 x 30 cm (W x D x H) was
621  equipped with an opaque cardboard shade (40 x 20 x 20 cm; W x D x H). The apparatus was placed
622  under white fluorescence illumination and half the area (dark zone) was shadowed by the shade. Mice
623  received surgical procedures to implant the nasal thermistor with the expression of AAV constructs for
624  optogenetics. For photoinhibition experiments with low baseline anxiety, mice were habituated by 5-10
625 min handling for 7 days. A rotary joint (HRJ_OE_12 FC, Doric Lenses) with electric and optical
626  connectors was used for resolving the entanglement between electric and optical patch cords. On the test
627  day, mice were connected to the patch cords and placed in the testing arena, then allowed to freely
628  explore the environment for 10 min. Photostimulation was delivered when mice were travelling the light
629  zone throughout the 10-min testing.

630

631  Drinking test. Prior to the experiment, mice were restricted from water for 24 hours. Mice were connected
632  to electric and optical patch cords (for breathing monitoring and photostimulation, respectively) and
633  placed in a cylindrical chamber (15-cm height, 11-cm diameter). Before the testing session, mice were
634  acclimated in the cylinder for 2 min with display of 10-ul water droplets. Then, in a 10-minute testing
635  session, mice received 5 repeats of 20-s water displays without photostimulation (OFF session; baseline
636  response), and then 12 repeats of the 20-s displays with photostimulation (ON session) in 5-30 s inter-trial
637  intervals (ITIs). On the third session (OFF), mice were displayed with water droplets for 12 times without
638  photostimulation. Behavior was video-recorded at a 25-Hz frame rate. Breathing cycles within the time
639  frame of -100 to +500 ms from drinking were used for the analysis.

640

641  Histology

642  Section preparation. Mice were transcardially perfused with phosphate buffered saline (PBS) then 4%
643  paraformaldehyde dissolved in phosphate buffer (4% PFA/PB). Dissected brains were additionally fixated
644  in 4% PFA/PB for 12-16 h and dehydrated in 30% sucrose/PB for 48 h, then sectioned coronally (40-um
645  thickness) on a -20°C cryostat.

646

647  Immunohistochemstry. Brain sections covering the coordinate from AP -4.9 to -5.0 mm relative to the
648  bregma were collected from three mice (3 sections from each, total 9 sections). Sections were incubated
649  in blocking solution (0.3% Triton X-100 and 2% normal donkey serum, dissolved in PBS) for 1 h at room
650  temperature, rinsed with PBST for three times, and incubated with rabbit anti-GAD67 (1:1000, dissolved
651 in blocking solution; Merck Millipore SAB4300642) primary antibody for 16 h overnight. The following
652  day, the sections were rinsed with PBST and incubated with Cy3-conjugated donkey anti-rabbit 19G
653  (1:500, dissolved in blocking solution; Vector Laboratories) secondary antibody for 2 h. After rinsing
654  with PBS, sections were mounted on slide glass and cover-slipped with DAPI Fluoromount-G solution.
655

656  Microscopy. Images were taken with a BZ-X710 all-in-one fluorescence microscope (Keyence). Region-
657  wide images to confirm construct (AAV) expression were taken at 4x and 10x magnification. Precise
658  images for observing axon terminals were taken at 20x magnification. Confocal microscopy images for
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co-localization analyses were taken using an FV3000 confocal laser scanning microscope (Olympus).
Three to four images were taken from each brain section at 40x magnification. Serial Z-stack images
were taken (6-12 planes, 1.0 aerial unit) in case cells were located on different focal planes.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6. Normal distribution of dataset was tested by
Shapiro-Wilk normality test (n > 7) or Kolmogorov-Smirnov test (n < 7). In case the normality test failed
(P < 0.05), non-parametric tests were performed. Repeated measures (RM) two-way ANOVA followed
by Sidak’s post hoc test was used for between-group comparison with repeated measures. Two-tailed
paired t test and Wilcoxon signed rank test were used for within-group analysis. Two-tailed unpaired t test
and Mann-Whitney U test were used for between-group analysis. Details of statistical tests are described
in the Extended Data Table 1.
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677

678  Figure 1. Identification of a top-down slow breathing circuit

679  a, Injection of CTB-Alexa Fluor 555 tracer into the PnC. b, CTB-labelled neurons in the dACC and M2. c,
680  Quantification of CTB-labelled neurons in prefrontal subregions. d, Schematic showing projection-
681  specific expression of AAV constructs in dACC—PnC neurons. e, ChR2-eYFP expression in
682  dACC—PnC neurons. f, Inductance plethysmography experiment with photostimulation under light
683  anesthesia. g, Raw breathing traces show changes in breathing induced by photostimulation in the ChR2
684  group. Scale bar, 2 s. h, Photoactivation of dACC—PnC neurons led to a decrease in breathing rate from
685  a baseline of 200 BPM (left), but not from a baseline of 150 BPM (right; n = 6 in ChR2, n =5 in eGFP). i,
686  Schematic of anterograde neuronal labelling with AAV1-Cre injection. j, Downstream PnC neurons
687  expressing DIO-eGFP. k, Confocal images showing the co-localization of eGFP-labelled neurons and
688  GADG67. I, Quantification of co-localized neurons. m, Schematic of Cre-dependent AAV expression in
689  PnC®"BA neurons. n, ChR2-eYFP expression in PnC®ABA neurons. o, p, Photoactivation of PnCCABA
690  neurons decreased breathing rates from both 200 BPM (0) and 150 BPM baselines (p). Top, Raw
691  breathing signals. Scale bar, 2s. Bottom, breathing rates shown in group average (hn =5 ChR2, n = 4
692  control). aq, aqueduct. PnC, pontine reticular nucleus caudalis. dACC, dorsal anterior cingulate cortex.
693  VACC, ventral anterior cingulate cortex. PL, prelimgic cortex. IL, infralimbic cortex. Scale bar, 500 um in
694  (a), 200 um in b, e, j, n, 50 um in k. h, o, p, Repeated measures (RM) two-way ANOVA followed by
695  Sidak’s post-hoc test. SP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 between-group comparison; *P <
696  0.05, P < 0.001 within-group comparison. Data are shown as mean * s.e.m.
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699

700  Figure 2. JACC—PnC and PnC®*8A neuronal activities are correlated with drinking behavior and
701  breathing rhythms

702 a, Simultaneous recording of breathing cycles and neuronal calcium levels. b, Schematic showing the
703  observation of drinking behavior. c, Surgical procedure for expressing the jGCaMP7s indicator in
704  dACC—PnC neurons (left), and image showing jGCaMP7s expression (right). d, e, Representative traces
705  showing breathing cycles, dAACC—PnC activity (d), and average dACC—PnC activity (e; n = 5 mice)
706  during drinking behavior. f, Schematic of the expression of jGCaMP7s in PnC®*8A neurons (left), and
707  image showing jGCaMP7s expression (right). g, h, Representative traces showing breathing, PnCGABA

708  activity (g), and average PnCC®ABA activity (h; n = 5 mice) during drinking behavior. Scale bar, 200 pm.
709  Data are shown as mean + s.e.m.
710
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Figure 3. dAACC—PnC neuronal activity is correlated with breathing and anxiety-related behaviors
a, Simultaneous monitoring of breathing cycles and calcium activity during EPM testing. b, Breathing
rate was lower in the closed arms compared to exposed areas (n = 6). ¢, Representative traces of calcium
levels and breathing rate during EPM testing. d, dACC—PnC neuronal activity increased during escape
events (exposed — closed arm). e, Breathing rate decreased during escape events. f, Raw breathing trace
showing the changes in breathing cycles after escape. g, Analyzing the length of inspiratory and
expiratory phases before and after escape. h, Normalized change in dACC—PnC activity during
exploration of exposed areas. i, Classification of behavioral decisions. j-l. Normalized activity changes in
refrained (j) or full exploration (k) episodes. Changes in calcium levels were observed in classified
episodes (I). b, d, e, k, two-tailed paired t test; g, RM two-way ANOVA followed by Sidak’s post-hoc
test; j, Wilcoxon signed rank test; k, paired t test; |, Mann-Whitney U test. **P < 0.01, ***P < 0.001, and
****p < 0.0001. Data are shown as mean + s.e.m.
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727  Figure 4. dACC—PnC neurons and downstream circuit alleviate anxiety-like behaviors

728  a, Schematic showing photoactivation of dACC—PnC neurons (somata) expressing ChR2-eYFP. b-d,
729  Behaviors in the RTPP test (b; ChR2, n = 10; eGFP, n = 11) and approach response to female odor (c;
730 ChR2, n = 6; eGFP, n = 7) were not altered by photoactivation. Avoidance response to TMT was reduced
731 by photoactivation of dACC—PnC neurons (d; ChR2, n = 6; eGFP n = 7). e, Photoactivation of
732 dACC—PnC neurons increased open arm exploration in the EPM test (ChR2, n = 10; eGFP, n = 11). f, g,
733 Photoactivation targeting dACC—ZI collaterals (f) did not affect open arm exploration during EPM test
734 (g, ChR2, n = 8; eGFP, n = 7). h, i, Photoactivation targeting dACC—PnC projection terminals (h)
735 increased open arm exploration during EPM test (i, ChR2, n = 7; eGFP, n = 7). j, k, Photoinhibition
736  targeting dACC—PnC projection terminals (j) reduced open arm exploration during EPM test (k,
737  eNpHR3.0, n = 10; eGFP, n = 11). Images (f, h, j) show the histology of projection terminals labelled
738  with eYFP. I, m, Terminals of PnC®*®A neurons expressing ChR2-eYFP. eYFP-labelled axons were
739  observed in pontomedullary breathing centers — DLM, VLM, and PBelS"!" (I) and stress/anxiety-related
740  forebrain regions — LHb, PVT, and BST (m). n, Divergent connectivity of PnC neurons target breathing
741  centers and fear/anxiety-related regions. ZI, zona incerta; ic, internal capsule; MnR, median raphe nucleus;
742  DLM, dorsolateral medulla; VLM, ventrolateral medulla; PBel, exterior-lateral parabrachial nucleus;
743 MHb, medial habenula; LHb, lateral habenula; DG, dentate gyrus; PVT, paraventricular nucleus of
744  thalamus; 3V, third ventricle; BST, bed nucleus of stria terminalis; LV, lateral ventricule; acp, anterior
745  commissure, posterior. Scale bar, 200 um in f, h, j, I, and 100 pum in m. RM two-way ANOVA followed
746 by Sidak’s post hoc test (b-e, g, i, k). *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as mean +
747 s.e.m.
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750
751  Figure 5. dACC—PnC terminal inputs are required for behaviors associated with slow breathing

752 a, Schematic of the photoinhibition of JACC—PnC terminals b, Schematic showing the observation of
753  drinking behavior. c, d, Successful drinking responses are shown as individual data (c) or average traces
754  (d) (eNpHR3.0, n = 8; eGFP, n = 7). e, Representative traces showing breathing cycles paired with
755  drinking in control (eGFP) or eNpHR3.0-expressing mice. Scale bar, 500 ms. f, Percent distribution of the
756  length of breathing cycles seen during drinking. g, Average of maximal cycle lengths paired with drinking
757  episodes (eNpHR3.0, n = 8; eGFP, n = 7). h, Schematic of light/dark choice test with breathing
758  monitoring and photoinhibition. i-k, Breathing (i, k, % of breathing cycles slower than the median rate)
759  and behavioral correlates (i, j, time in light zone) observed in the light/dark choice test (eNpHR3.0, n = 7;
760  eGFP, n = 7). RM two-way ANOVA followed by Sidak’s post hoc test (d, f, g, j, k). *P < 0.05, **P <
761  0.01, ***P < 0.001. Bar graphs are shown as mean + s.e.m. Box-whisker plots are shown as median and
762  interquartile range with 5-95 percentile distribution.
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765  Extended Data Figure 1. Searching for candidate circuits to mediate top-down inhibitory control of
766  breathing based on the Allen Brain Atlas. a, Summary of the criteria used to search candidate circuits.
767  Axonal projection images were searched through the Mouse Brain Connectivity Atlas (Allen Brain
768 Institute). In situ hybridization (ISH) images were searched through the Mouse Brain Gene Expression
769  Atlas (Allen Brain Institute). b, Sample images showing the projections of labelled PnC neurons observed
770  in the ventrolateral medulla (VLM). Left images show the AAV injection site (PnC) with the expression
771  of eGFP. Right images show the eGFP-labelled terminals in the VLM. ¢, Sample image from a Vgat ISH
772 experiment. The PnC is enriched with neurons that express Vgat mRNA (GABAergic cell marker). d,
773 Sample images showing the projections of PFC neurons observed in the PnC. Left image shows the AAV
774  injection site (PFC, prefrontal cortex; covering the dACC and vACC) with the expression of eGFP.
775  Middle and right (in segmentation view) images show the eGFP-labelled axon terminals in the PnC. Scale
776  bar, 200 pm.
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Extended Data Figure 2. Photoinhibition of PnC®"BA neurons increases breathing rate. a, Schematic
of the virus injection surgery. b, Breathing signals were monitored by inductance plethysmography with
the delivery of 591-nm light for photoinhibition. c-d, Photoinhibition of PnC®*8A neurons induced
increased breathing rate in the eNpHR3.0 group. Top, raw breathing signals. Bottom, average (mean)
breathing rate in eNpHR3.0 (n = 4) or Control (eGFP, n = 3) groups. Two different baselines at 150 BPM
or 100 BPM were used in ¢ and d. Statistical analysis was performed with repeated measures (RM) two-
way ANOVA followed by Sidak’s post hoc test. Between-groups comparison ***p < 0.001, ****p <
0.0001. Data are shown as mean + s.e.m.
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789
790  Extended Data Figure 3. dACC—PnC and PnCC”BA calcium activity during swimming, squeaking,

791  and sniffing behaviors. a, Schematic of “withdrawal” experiment in which mice were briefly (1-2 s)
792  submerged in water and then removed. b-e, Monitoring results from mice expressing jGCaMP7s in
793  dACC—PnC neurons (b, representative trace; ¢, averaged n = 6) or PnC®®A neurons (d, representative
794  trace; e, n = 5) with representative breathing traces (b, d). f, Schematic of “release” experiment in which
795  mice were released after submersion. g-j, Monitoring results from mice expressing jGCaMP7s in
796  dACC—PnC neurons (g, representative trace; h, n = 5) or PnC®*BA neurons (i, representative trace; j, n =
797  5) during release/swim experiment. k, Schematic of pain-induced vocalization (squeaking experiment). |,
798  Representative traces showing sound waveform (squeaks; top), breathing cycles (middle) and
799  dACC—PnC calcium activity (bottom). m, Averaged breathing rate was decreased during the pain-
800 induced vocalization. n, Averaged calcium activity trace from dACC—PnC neurons during pain-induced
801  vocalization (n = 4). 0, Schematic of object sniffing experiment. p, Representative traces showing raw
802  breathing cycles (top), breathing rate (middle), dACC—PnC calcium activity. g, At onset of contact-
803  sniffing events, fast breathing rate (~600 BPM; top) and subsequent decrease of calcium activity was
804  observed (bottom; n = 4). r, At the end of sniffing events, decreased breathing rate (top) and rebound-like
805 increase of calcium activity was observed (bottom; n = 4). Data are shown as mean + s.e.m.
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Extended Data Figure 4. Breathing and dACC—PnC activity monitored on an elevated platform. a,
Schematic of the elevated platform experiment. Mice were initially placed in an opaque plastic cylinder,
then exposed to inescapable height by removing the cylinder. b, Representative traces showing breathing
rate (top), raw cycles (bottom) and dACC—PnC activity (middle) changes after height exposure. c,
Averaged traces (n = 5 mice) showing the breathing rate and dACC—PnC activity changes after height
exposure.
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815
816  Extended Data Figure 5. Photoactivation of AACC—PnC neurons alleviates anxiety-like behaviors.

817  a, Schematic of looming-hiding experiment. Time spent in hiding (in shelter) was observed after overhead
818  looming stimulus. b, Photoactivation of dACC—PnC neurons reduced time spent in hiding in the ChR2
819  group (n = 6), compared to the control group (n = 7). ¢, Latency to the first reveal was not affected by
820  photoactivation. d, Schematic of light/dark choice test with breathing monitoring and photostimulation. e-
821  h, Breathing and behavioral correlates observed in the light/dark choice test. f, Percent of slow breathing
822  cycles in light zone (slower than median breathing rate). g, Difference of breathing rates between light
823  and dark zones (ABPM, light minus dark). h, Time spent in light zone. b, Repeated measures (RM) two-
824  way ANOVA followed by Sidak’s post hoc test. ¢, f, g, Mann-Whitney U test. h, Unpaired t test.
825  Between-groups comparison *p < 0.05, *p<0.01 ***p < 0.001. Data are shown as mean * s.e.m.
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Extended Data Figure 6. Axon collaterals of AACC—PnC neurons. a, Observation of axon collaterals.
AAVretro-Cre was injected into the PnC and AAV-DIO-ChR2-eYFP was injected into the dACC.
Putative axon collaterals were revealed by observation of eYFP-labelled axons in brain regions other than
the PNnC (AAVretro-Cre injection site) area. b, Images showing axon collaterals of dACC—PnC neurons.
CPu, caudate putamen. cc, corpus callosum. LV, lateral ventricle. D3V, dorsal third ventricle. PVT,
paraventricular nucleus of thalamus. MD, mediodorsal nucleus of thalamus. ZI, zona incerta. mt,
mammillothalamic tract. LH, lateral hypothalamus. ic, internal capsule. VMT, ventromedial nucleus of
thalamus. RMC, red nucleus, magnocellular part. DpME, deep nucleus of the midbrain. Scale bar, 200 pm.
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Extended Data Figure 7. Real-time place preference, female odor preference, and TMT odor
avoidance tests with Photoinhibition of JACC—PnC terminals. a, Schematic showing photoinhibition
of dACC—PnC terminals. b-d, Behaviors in the RTPP test (b; eNpHR3.0, n = 10; eGFP, n = 11),
approach response to female odor (c; eNpHR3.0, n = 7; eGFP, n = 8), and avoidance response to TMT (d;
eNpHR3.0, n = 7; eGFP, n = 8) were not affected by the photoinhibition.
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846  Extended Data Figure 8. Percent of successful drinking responses throughout testing sessions with
847  or without photoinhibition of dACC—PnC terminals. Repeated measures (RM) two-way ANOVA
848  followed by Sidak’s post hoc test. Data are shown as mean + s.e.m.
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Extended Data Table 1. Statistical analyses
Figure Experiment Groups n p Test
Fig. 1h Left  |Inductance [dACC—PnC: ChR2,|6 and 5 F (1, 9) = 6.000 / Interaction P = 0.0368|RM 2-way ANOVA Sidak's
plethysmography, eGFP Light ON ChR2 vs eGFP **P = post hoc test
baseline 200 BPM 0.0092
Fig. 1hright  |Inductance [dACC—PnC: ChR2,6 and 5 F (1, 9) = 0.3768 / Interaction P = RM 2-way ANOVA Sidak's
plethysmography, eGFP 0.5545 / Light ON ChR2 vs eGFP P = [post hoc test
baseline 150 BPM 0.4569
Fig. 1o Inductance PnCCABA: ChR2, 5and4  |F (1, 7)=8.683/ Interaction P = 0.0215|RM 2-way ANOVA Sidak’s
plethysmography, eGFP Light ON ChR2 vs eGFP ***p = post hoc test
baseline 200 BPM 0.0004
Fig. 1p Inductance PnCCABA: ChR2, 5 and 4 F (1,7) =4.572 / Interaction P = 0.0698|RM 2-way ANOVA Sidak's
plethysmography, eGFP Light ON ChR2 vs eGFP *P = 0.0394|post hoc test
baseline 150 BPM
Fig. 3b Elevated plus maze, [dACC—PnC: 6 t=5.172, df =5, **P = 0.0035 Paired t test
breathing rate GCaMP7s
Fig. 3d Elevated plus maze, [dACC—PnC: 6 It =4.119, df =5, **P = 0.0092 Paired t test
Calcium response GCaMP7s
Fig. 3e Elevated plus maze, [dACC—PnC: 6 t =7.718, df = 5, ***P = 0.0006 Paired t test
breathing rate GCaMP7s
Fig. 3g Elevated plus maze, [dACC—PnC: 6 F (1, 5) = 23.75 / Interaction P = RM 2-way ANOVA Sidak's
breathing cycle length  |GCaMP7s 0.0046 / Exp Before vs Escape ***P = [post hoc test
0.0007; Escape Exp vs Ins ***P =
0.0002
Fig. 3j Elevated plus maze, dACC—PnC: 42 episodes P <0.0001 (Wilcoxon signed rank test
Calcium response GCaMP7s, refrained
(normalized)
Fig. 3k Elevated plus maze, dACC—PnC: 10 episodesjt = 0.9181 df = 9, P = 0.3825 Paired t test
Calcium response GCaMP7s,
(normalized)
Fig. 31 Elevated plus maze, dACC—PnC: 42 and 10 [***P = 0.0002 Mann Whitney U test
Calcium response GCaMP7s
(normalized)
Fig. 4b Real-time place [dACC—PnC: ChR2,|10 and 11 |F (2, 38) = 1.415 Interaction P = 0.2555|Difference index (subtraction
preference eGFP ON2 ChR2 vs. eGFP P =0.9873 / between zones): RM 2-way
ChR2 ON2 vs. OFF1 P = 0.9877, vs. |JANOVA Sidak's post hoc test
OFF3 P = 0.3960
Fig. 4c Female odor preference [{ACC—PnC: ChR2,[6 and 7 F (2, 22) = 0.0073 / Interaction P = Difference index (subtraction
eGFP 0.9927 / ON2 ChR2 vs. eGFP P = between zones): RM 2-way
0.9764 / ChR2 ON2 vs. OFF1 P = JANOVA Sidak's post hoc test
0.7827, vs. OFF3 P = 0.9894
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Fig. 4d [TMT avoidance [dACC—PnC: ChR2,|6 and 7 F (2, 22) = 3.133 / Interaction P = Difference index (subtraction
eGFP 0.0635 / ON2 ChR2 vs. eGFP *P = between zones): RM 2-way
0.0444 / ChR2 ON2 vs. OFF1** P = |JANOVA Sidak's post hoc test
0.0087, vs. OFF3 **P = 0.0081
Fig. 4e Elevated plus maze dACC—PnC: ChR2,|10 and 11 |F (2, 38) = 5.907 / Interaction P = RM 2-way ANOVA Sidak's
eGFP 0.0058 / Light ON ChR2 vs. eGFP post hoc test
***P = 0.0002
Fig. 49 Elevated plus maze dACC—ZI 8 and 7 F (2, 26) = 0.6840 / Interaction P = RM 2-way ANOVA Sidak's
projection: ChR2, 0.5135 / Light ON ChR2 vs. eGFP P = [post hoc test
eGFP 0.8100
Fig. 4i Elevated plus maze dACC—PnC 7 and 7 F (2, 24) = 9.010 / Interaction P = RM 2-way ANOVA Sidak's
projection: ChR2, 0.0012 / Light ON ChR2 vs. eGFP **P [post hoc test
eGFP = 0.0050
Fig. 4k Elevated plus maze dACC—PnC 10 and 11 |F (2, 38) =5.328 / Interaction P = RM 2-way ANOVA Sidak's
projection: 0.0091 / Light ON eNpHR3.0 vs. eGFP [post hoc test
eNpHR3.0, eGFP **P = 0.0068
Fig. 5d Drinking test dACC—PnC 8 and 7 F (16, 208) = 4.525 / Interaction P < |RM 2-way ANOVA Sidak's
projection: 0.0001 / **P < 0.01 at ON-Trial 5, 7, 9 [post hoc test
eNpHR3.0, eGFP 11, ***P < (0.001 at ON-Trial 8, 10, 12
Fig. 5f % Distribution of dACC—PnC 8 and 7 F (5, 78) = 5.339 / Interaction P = RM 2-way ANOVA Sidak's
breathing cycle length |projection: 0.0003 / Column 2 (100 ms) *P = post hoc test
eNpHR3.0, eGFP 0.0422, Column 6 (> 300 ms) ***P =
0.0007
Fig. 59 Max. Cycle length dACC—PnC 8 and 7 **P = 0.0022 Mann-Whitney U test
paired with drinking projection:
episodes eNpHR3.0, eGFP
Fig. 5j Light/dark choice test, [dACC—PnC 7 and 7 it = 3.231 df = 12, **P = 0.0072 Unpaired t test
time in light zone projection:
eNpHR3.0, eGFP
Fig. 5k Light/dark choice dACC—PnC 7 and 7 t = 2.627 df = 12, *P = 0.0221 Unpaired t test
test, % of cycles slower [projection:
than median rate eNpHR3.0, eGFP
Extended Data [Inductance PRCEAE 5and 6  [F (2, 18) = 76.77 / Interaction P < RM 2-way ANOVA Sidak's
Fig. 2c plethysmography, eNpHR3.0, eGFP 0.0001 / Light ON eNpHR3.0 vs eGFP [post hoc test
baseline 150 BPM P < 0.0001****, < 0.0001****
Extended Data [Inductance PnCCABA; 5and 6  [F (2, 18) = 9.544 / Interaction P = RM 2-way ANOVA Sidak's
Fig. 2d plethysmography, eNpHR3.0, eGFP 0.0015 / Light ON eNpHR3.0 vs eGFP [post hoc test
baseline 150 BPM P = 0.0003***, = 0.0007***
Extended Data [Looming-hiding test, |dACC—PnC: ChR2,|6 and 7 F (4, 44) = 2.386 / Interaction P = RM 2-way ANOVA Sidak's
Fig. 5b time in shelter eGFP 0.0655 / Light ON ChR2 vs eGFP P = [post hoc test
0.0517, = 0.0138*, 0.0028**,
0.0002***
Extended Data |Looming-hiding test, |[dACC—PnC: ChR2,[6 and 7 P =0.1014 Mann-Whitney U test
Fig. 5¢ latency to reveal eGFP
Extended Data [Light/dark choice ldACC—PnC: ChR2,[9 and 8 P =0.1650 Mann-Whitney U test
Fig. 5f test, % of cycles slower |eGFP
than median rate
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eNpHR3.0, eGFP

0.0001 / OFF3 eNpHR3.0 vs. eGFP *P
= 0.0360/ eNpHR3.0 ON2 vs. OFF3
[***P < 0.0001

Extended Data [Light/dark choice test, [dACC—PnC: ChR2,[9 and 8 *P = 0.0360 Mann-Whitney U test
Fig. 59 difference between eGFP
breathing rates
Extended Data [Light/dark choice test, [dACC—PnC: ChR2,[9 and 8 It = 2.749 df = 15, *P = 0.0149 Unpaired t test
Fig. 5h time in light zone eGFP
Extended Data [Real-time place dACC—PnC 10 and 11 |F (2, 38) = 0.0277 Interaction P = Difference index (subtraction
Fig. 7b preference projection: 0.9726 / ON2 eNpHR3.0 vs. eGFP P = [between zones): RM 2-way
eNpHR3.0, eGFP 0.7301 / eNpHR3.0 ON2 vs. OFF1 P > JANOVA Sidak's post hoc test
0.9999, vs. OFF3 P = 0.9985
Extended Data [Female odor preference [dACC—PnC 7 and 8 F (2, 26) = 0.0043 Interaction P = Difference index (subtraction
Fig. 7c projection: 0.9957 / ON2 eNpHR3.0 vs. eGFP P > |between zones): RM 2-way
eNpHR3.0, eGFP 0.9999 / eNpHR3.0 ON2 vs. OFF1 P = [ANOVA Sidak's post hoc test
0.9931, vs. OFF3 P = 0.9868
Extended Data [TMT avoidance dACC—PnC 7 and 8 F (2, 26) = 3.927 Interaction P = 0.0323|Difference index (subtraction
Fig. 7d projection: ON2 eNpHR3.0 vs. eGFP P = 0.1003 |between zones): RM 2-way
eNpHR3.0, eGFP eNpHR3.0 ON2 vs. OFF1 P = 0.2503, JANOVA Sidak's post hoc test
vs. OFF3 P = 0.9946
Extended Data [Drinking test dACC—PnC 8 and 7 F (2, 26) = 11.24 Interaction P = 0.0003|RM 2-way ANOVA Sidak's
Fig. 8 projection: ON2 eNpHR3.0 vs. eGFP ***p < post hoc test
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