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Abstract

The supraspinal descending pain modulatory system (DPMS) shapes pain perception via
monoaminergic modulation of sensory information in the spinal cord. However, the role and
synaptic mechanisms of descending noradrenergic signaling remain unclear. Here, we establish
that noradrenergic neurons of the locus coeruleus (LC) are essential for supraspinal opioid
antinociception. Unexpectedly, given prior emphasis on descending serotonergic pathways, we
find that opioid antinociception is primarily driven by excitatory output from the ventrolateral
periaqueductal gray (VIPAG) to the LC. Furthermore, we identify a previously unknown opioid-
sensitive inhibitory input from the rostroventromedial medulla (RVM), the suppression of which
disinhibits LC neurons to drive spinal noradrenergic antinociception. We also report the presence
of prominent bifurcating outputs from the vIPAG to the LC and the RVM. Our findings
significantly revise current models of the DPMS and establish a novel supraspinal

antinociceptive pathway that may contribute to multiple forms of descending pain modulation.

Teaser
Convergent synaptic activation of noradrenergic neurons in the locus coeruleus drives systemic

opioid antinociception.

Main Text

Introduction

The midbrain and brainstem descending pain modulatory system (DPMS) alters spinal outflow
of ascending nociceptive signals. Current models of the DPMS emphasize excitatory projections
from ventrolateral periaqueductal gray (VIPAG) to the rostroventromedial medulla (RVM), which
sends projections to the spinal cord dorsal horn that bidirectionally modulate incoming noxious
sensory information through serotonergic and opioidergic mechanisms (/, 2). Endogenous and
exogenous opioids are thought to produce analgesia via disinhibition of vVIPAG-to-RVM
projection neurons (3—35). The RVM and, to some extent, the PAG, are comprised of On-, Off-,
and neutral cells, which are defined electrophysiologically by their activity preceding a

nocifensive response (6-S8).
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In addition to serotonin, rodent intrathecal pharmacological studies implicate spinal
noradrenaline (NA) signaling in DPMS-driven and opioid-mediated pain suppression (9—13).
Spinal serotonin can both suppress and facilitate nociceptive processing and pain behaviors (/4—
16), whereas spinal NA is more consistently reported as antinociceptive. Previous work
implicates midbrain and brainstem catecholaminergic cells groups as the likely sources of spinal
NA, especially the locus coeruleus (LC), also known as the A6 nucleus, which sends both
ascending projections from dorsal LC to supraspinal areas, and descending projections from
ventral LC to the spinal cord (/7—24). Stimulation of ventral LC in rats causes antinociception
that depends on spinal NA, while stimulation of dorsal LC is pronociceptive or anxiety-
producing (17, 25, 26). Yet the role of LC in systemic opioid antinociception remains an open

question, as the literature on this topic is sparse and conflicting (27, 28).

Anatomical studies have identified projections from the PAG to the LC (29). Surprisingly, the
synaptic features of these projections and their relevance to pain modulatory behavior have not
been established. Although a rabies tracing study reported inputs to LC-NA neurons from vIPAG,
and a slice electrophysiology study found an excitatory connection from lateral PAG to LC-NA
neurons (30-32), in vivo electrophysiological recordings reported only weak, sparse input that
predominantly inhibits LC discharge (33). Furthermore, vIPAG-to-LC neurons were reported to
be inhibited by mu opioids (37), which conflicts with the notion that vIPAG output can drive
descending LC neurons in the context of opioid analgesia. Thus, whether vIPAG contributes to

the activation of LC to support opioid antinociception remains entirely unclear.

An additional complexity relates to the potential role of the RVM in influencing pain processing
via synaptic communication with the LC. One anatomical study reports projections from both the
raphe magnus and paragigantocellular nucleus, both components of the medial RVM, to the LC
and pericoerulear region (34), but the sign and functional significance of this anatomical pathway
remains unexplored. There is a strong body of literature demonstrating antinociceptive input to
LC from excitatory neurons in the rostral ventro/ateral medulla (RVLM) (36, 37) and more
recently, noradrenergic excitatory neurons in the caudal ventrolateral medulla (cVLM) (38). Yet,
to our knowledge, there is no information regarding the nature and behavioral relevance of

medial RVM inputs to the LC.


https://doi.org/10.1101/2023.10.10.561768
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.10.561768; this version posted October 10, 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-ND 4.0 International license.

93
94  In this study, we use virally- and genetically-mediated anatomical, electrophysiological, and
95  behavioral methods in mice to establish the circuit elements by which the DPMS recruits the LC
96 to produce opioid antinociception. Our findings reveal the necessity of VIPAG input to the LC for
97  systemic morphine antinociception and uncover an unexpected inhibitory input from the RVM
98 that impacts nociception. These findings place new emphasis on noradrenergic signaling from
99 the LC in opioid analgesia and reveal a novel antinociceptive pathway within the DPMS.
100
101  Results
102  Spinal NA release from the LC underlies systemic morphine antinociception
103  Intrathecal pharmacological experiments in rats point to a role for spinal noradrenergic and
104  serotonergic signaling in systemic morphine antinociception (/3). We first set out to confirm that
105  spinal NA contributes to systemic morphine antinociception in mice by administering multiple
106  doses of systemic morphine (5, 12, and 20 mg/kg, s.c.) in conjunction with intrathecal injections
107  of'the vehicle saline, the alpha-adrenergic antagonist phentolamine (5 pg), or, for comparison,
108 the opioid antagonist naltrexone (5 pg) (Figure 1A). Systemic morphine with intrathecal saline
109  administration increased hot plate withdrawal latencies in a dose-dependent manner (Figure 1B).
110 At all morphine doses, intrathecal phentolamine blunted the resulting antinociception, and
111  intrathecal naltrexone reduced it to an even greater degree (Figure 1B-C). These results indicate
112 that spinal NA plays a critical role in the expression of systemic morphine antinociception,
113 especially at low doses of morphine. In contrast, spinal opioid signaling, whether via direct
114  spinal actions of morphine or DPMS-driven endogenous opioid release, is required for systemic
115  morphine antinociception at all doses.
116
117  Direct spinal administration of morphine produces antinociception(39). It is therefore possible
118  that morphine acts within the spinal cord to stimulate NA release, either from descending
119  noradrenergic terminals or from unidentified local NA neurons. To determine whether morphine-
120  driven spinal NA signaling originates from a spinal or supraspinal source, we intrathecally
121  administered morphine (2.5 ng) along with saline, phentolamine, or naltrexone, prior to the hot
122 plate assay (Figure 1D). Consistent with a supraspinal source of spinal NA, we found that the

123 effect of intrathecal morphine was not blocked by intrathecal phentolamine, whereas intrathecal
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124  naltrexone blocked the antinociception (Figure 1E). In the absence of morphine, these

125  antagonists did not significantly change withdrawal latency (Figure 1F).

126

127  Previous studies have identified several supraspinal noradrenergic structures that project to the
128  dorsal horn of the spinal cord (/8, 20-24). Whereas the A5 and A7 nuclei contain only a small
129  fraction of dorsal horn-projecting NA neurons, the LC is the primary source of spinal NA (/8).
130  Stimulation of the spinally-projecting ventral subdivision of LC produces spinal NA-dependent
131  antinociception in mice and rats (17, 25, 26). To determine whether systemic morphine increases
132 the activity of LC-NA neurons, we measured expression of the immediate early gene c-Fos in
133  response to subcutaneous morphine (10 mg/kg) or saline treatment in DBH-cre:tdTom mice that
134  express the fluorescent protein tdTomato in dopamine beta-hydroxylase (DBH)-positive neurons.
135  Consistent with LC activation, systemic morphine caused a significant increase in c-Fos

136  expression in LC neurons (Figure 2A-B), which was significantly blocked by systemic opioid
137  receptor antagonist naloxone (10 mg/kg, s.c.) pretreatment. This presents a paradox, as LC

138  neurons express the mu opioid receptor (MOR), which typically inhibits neuronal output in

139  receptor-expressing neurons. A possible explanation is that the c-Fos induction actually results
140  from direct engagement of mitogen-activated protein kinase cascades downstream of MOR

141  activation (40). However, morphine-induced c-Fos expression was unchanged in DBH-

142 cre::Oprm1™"mice (41), which lack MOR in NA neurons (Figure S1A-B). Taken together, these
143  data suggest that while MOR expression in LC neurons themselves is not responsible for

144  morphine-induced c-Fos expression, opioid receptors present in the circuit upstream from these
145  neurons are responsible for LC c-Fos expression, possibly via disinhibition of LC activity.

146

147  Inrat brain slices, MOR agonists strongly hyperpolarize LC neurons via activation of G protein-
148  coupled inward rectifier K™ (GIRK) channels (42, 43). Because nearly all prior observations of
149  MOR-mediated dampening of LC neuronal excitability were made in rats, we asked if mouse
150 LC-NA neurons are similarly affected. Using fluorescent in sifu hybridization, we first confirmed
151  that Oprml and TH transcripts, which encode the MOR and tyrosine hydroxylase, respectively,
152 colocalize in the LC of C57B16/J mice (Figure S1D-E). We next investigated the effects of the
153  MOR agonist DAMGO on LC neuronal excitability using whole cell electrophysiological

154  recordings in acute mouse brain slices. Bath applied DAMGO requires minutes to equilibrate in
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155  slices, which can obscure subtle effects on membrane properties. We therefore used the

156  photocaged DAMGO derivative CNV-Y-DAMGO (1 uM) to produce time-locked DAMGO
157  concentration jumps in response to millisecond flashes of light(44, 45). In current clamp

158 recordings, despite the use of a strong optical stimulus, CNV-Y-DAMGO photoactivation

159  generated only small hyperpolarizations that were accompanied by brief pauses in spontaneous
160 firing and minor subsequent reductions in firing rate (Figure 2C). In voltage clamp recordings,
161 DAMGO photorelease evoked small outward currents (Figure 2C). Consistent with these

162  modest effects, bath application of DAMGO produced no change in evoked action potential
163 firing (Figure 2D). These small effects stand in stark contrast to the several-hundred pA currents
164  and deep hyperpolarizations evoked by MOR agonists in rat LC, and are consistent with the
165  smaller GIRK currents previously observed in mice on a different genetic background (46).

166  These results suggest that direct MOR-mediated inhibition of LC firing may be insufficient to
167  counteract synaptic drive of LC neurons by upstream circuits in mice. Consistent with this

168  notion, genetic removal of MORs from LC-NA neurons did not alter systemic morphine

169  antinociception on the hot plate (Figure S1C).

170

171  To determine if the LC contributes to morphine antinociception, we employed two loss-of-

172  function approaches. First, we specifically ablated LC-NA neurons via bilateral injection of cre-
173 dependent Caspase 3 (Casp3) into the LC of either DBH-cre:tdTom mice or control tdTom

174  littermates. Transduction with Casp3 led to near-complete ablation of LC-NA neurons (Figure
175  2E). In addition to assessing thermal nociception, we used a pin prick assay to measure

176  mechanical nociception. Somewhat surprisingly, LC ablation had no effect on baseline

177  nocifensive responses in the absence of morphine. However, in comparison to control mice, the
178  morphine-induced increase in hot plate withdrawal latency was strongly attenuated in DBH-
179  cre:tdTom mice at both doses of morphine (5 and 10 mg/kg). In addition, the morphine-induced
180  decrease in pin prick response was significantly attenuated at 5 mg/kg morphine and trended
181  toward significance at 10 mg/kg (Figure 2F).

182

183  Casp3-mediated cell ablation is a severe manipulation that may lead to neuroinflammation and/or
184  aloss of structural integrity. We therefore sought to suppress LC activity by overexpressing

185  Kir2.1, a constitutively active inwardly-rectifying K channel, which hyperpolarizes neurons and
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186  decreases their excitability. We first analyzed the effect of Kir2.1 overexpression on LC neuronal
187  excitability using brain slice electrophysiology 3 weeks after unilateral LC injection of AAV-
188  DIO-Kir2.1-zsGreen in DBH-cre mice. Kir2.1 overexpression decreased resting membrane

189  potential and abolished tonic action potential firing compared to anatomically-identified LC

190 neurons in the uninjected hemisphere (Figure 2G-H). We also observed a decrease in evoked
191  action potential firing in response to injection of 50 and 100 pA current steps (Figure 2I). Taken
192  together, Kir2.1 overexpression effectively decreases both tonic and evoked action potential

193  firing in LC neurons.

194

195  For behavioral testing, we injected DBH-cre:tdTom or tdTom mice bilaterally in the LC with

196  AAV-DIO-Kir2.1-zsGreen. Histological analysis revealed high transduction of LC neurons in
197  cre-expressing mice and negligible expression in cre-negative littermates (Figure 2J). Kir2.1
198  overexpression suppressed morphine antinociception on both the hot plate and pin prick assays at
199  both doses of morphine (Figure 2K). Notably, neither Casp3 nor Kir2.1 produced a difference in
200 locomotion or basal anxiety in the elevated plus maze (Figure S2A-B). Overall, these results
201  support a critical role for the LC in systemic morphine antinociception.

202

203 VIPAG gates LC-mediated morphine antinociception

204  While LC is crucial for systemic morphine antinociception, it remains unclear how LC activity is
205 recruited by upstream structures in response to opioid drugs. Classic models of opioid

206  antinociception involve the disinhibition of vIPAG output neurons via activation of MORs

207  expressed on inhibitory terminals and/or local GABA neurons within the vIPAG (3, 5).

208  Consistent with this, the antinociception produced by local morphine infusion into rat PAG

209  partially depends on spinal NA (/2). Furthermore, several PAG subregions, including the vIPAG,
210  send excitatory projections to the LC and pericoerulear region (29-32). Although optogenetic
211  and chemogenetic activation of VIPAG glutamatergic neurons produces antinociception in mice
212 (47, 48), whether this is mediated by the LC, and whether vIPAG glutamatergic neurons support

213  morphine antinociception, is not known.

214 If vIPAG is an important upstream mediator of morphine antinociception, we reasoned that
215  inhibiting vIPAG output should attenuate the antinociception produced by 5 mg/kg morphine,
216  which we found to rely heavily on the LC. To probe the role of vVIPAG in morphine
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217  antinociception, we bilaterally expressed the inhibitory DREADD HM4D (49) in vVIPAG/CLUT2-cre
218 neurons and inhibited their output with systemic CNO (3 mg/kg, i.p.) in the absence and

219  presence of morphine (5 mg/kg, s.c.) (Figure 3A). In untransduced control mice, CNO had no
220  effect on morphine antinociception. In contrast, CNO completely prevented morphine

221  antinociception in HM4D-expressing mice (Figure 3B).

222 To determine if spinal NA signaling mediates vIPAG-driven antinociception, we bilaterally

223 activated VIPAG"CLUT><¢ peurons with the excitatory DREADD HM3D in conjunction with

224  intrathecal NA antagonism (Figure 3C). Consistent with prior work (48), systemic CNO (3

225 mg/kg, i.p.) increased hot plate withdrawal latencies and von Frey mechanical thresholds.

226  Strikingly, this effect was either completely or partially abolished on the thermal and mechanical
227  assays, respectively, by intrathecal administration of either phentolamine or naltrexone (Figure
228  3D). However, we also observed that chemogenetic activation of vVIPAG"¢LUT2-¢7 neyrons

229  produced a state of active quiescence, in which mice exhibited a marked reduction in voluntary
230 locomotion, distinct from freezing behavior (Figure S3A). This raises a concern that the

231  apparent antinociception is simply a consequence of general locomotor suppression. However,
232 the active quiescence persisted after intrathecal phentolamine and naltrexone administration,
233 despite significant attenuation of the antinociception. Therefore, DPMS-driven descending

234  antinociception and locomotor suppression are dissociable. Consistent with vIPAG driving the
235  LC to produce spinal NA-dependent antinociception, we also found that chemogenetic activation
236 of VIPAG"CEUT>er neurons increased c-Fos expression in TH-positive LC neurons (Figure 3E),
237  yet CNO had no effect in the LC of untransduced wildtype mice (Figure S3B). Together, these
238  results demonstrate that, like systemic morphine, vIPAG-driven antinociception requires spinal
239  NA signaling. They also establish a role for spinal endogenous opioid signaling in vIPAG-driven

240 antinociception, a point debated in previous literature (9, 50).

241

242 Anatomy of DPMS input to the LC

243 To uncover the circuit elements by which the DPMS may recruit the LC, we first mapped

244 projections from the vIPAG and RVM to the LC by virally expressing tdTomato in

245  neurochemically-defined cell types. To label glutamatergic neurons, we used VGLUT2-cre mice,

246 as VGLUT2 is the primary vesicular glutamate transporter isoform in both structures. To label
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247  inhibitory axons, we used VGAT-cre mice, which express cre in both GABAergic and glycinergic
248  neurons (57).

249

250  After unilateral injection of AAV-DIO-tdTom into the VIPAG of either VGLUT2-cre or VGAT-cre
251  mice, we observed sparse fibers in the LC somatic region and strong labeling in the surrounding
252  pericoerulear region, including a medial zone corresponding to Barrington’s nucleus(52, 53) and
253  adorsolateral zone near the 4™ ventricle (Figure 4A-E). Quantification of pixel intensity of

254  green TH+ LC neurons and red fibers supports dense vVIPAG projections just medial to the LC
255  (Figure 4F-G). Consistent with axo-dendritic inputs to LC-NA neurons occurring within the

256  pericoerulear region and evidence of pericoerulear interneurons that modulate LC activity(54—
257  506), these results establish anatomical substrates by which vIPAG could bidirectionally control
258  LC activity.

259

260  As expected, tdTom expression in VIPAG"¢LUT2¢" peyrons also labeled axons in the RVM

261  (Figure S4A). We also observed prominent fluorescent axons in the RVM upon tdTom

262  expression in VIPAG"94T<¢ neurons. The existence of inhibitory vIPAG-to-RVM projections has
263  been established in rats but refuted in mice (Figure S4B) (57-60). We verified this inhibitory
264  projection using a retro-FISH approach involving retrobead injection into RVM prior to

265  retrobead-labeled vIPAG cell type identification using fluorescence in situ hybridization (Figure
266  S4C). This analysis revealed that although the vast majority of vIPAG-to-RVM projection

267  neurons contain transcripts encoding glutamatergic (but not GABAergic) markers, ~15% contain
268  only GABAergic markers (Figure S4D). These results establish that vVIPAG sends inhibitory

269  projections to the RVM in mice.

270

271 A previous study in mice suggested the presence of two distinct, non-overlapping populations of
272 vIPAG neurons that project to the LC and RVM (37). We wondered if vIPAG-to-LC neurons send
273  branches to other brain areas. To address this question, we fluorescently labeled vIPAG neurons
274  that project to the LC using the retrograde virus AAVretro-cre in wild-type mice (Figure 4H).
275  Consistent with our previous results, we observed mCherry-positive fibers in the medial

276  pericoerulear region. However, we also observed prominent axon fibers in the RVM, with no

277  other apparent midbrain and brainstem targets. To confirm this result, we labeled vIPAG-to-RVM
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278  neurons using the same approach and again observed fluorescent axons in the medial

279  pericoerulear region (Figure 4I). We verified these findings using a dual-color double-retrograde
280  approach by injecting AAVretro-cre into the RVM, AAVretro-FlpO into the LC, and a mixture of
281  cre- and flp-dependent mCherry and YFP reporter viruses in VIPAG. Importantly, the reporter
282  virus titers were optimized to eliminate recombinase-independent expression and recombinase
283  cross-talk. We observed mCherry and YFP co-expression in 31% of fluorescently labeled

284  neurons (Figure 4J), which is likely an underestimate due to incomplete viral uptake. Taken

285  together, these experiments establish that a large number of vIPAG output neurons send

286  bifurcating axons to both the LC and RVM. Importantly, these results imply that vIPAG recruits
287  the LC and RVM in an inseparable, parallel manner.

288

289  We next asked if we could detect projections from the RVM to the LC, which were reported a
290 single prior study (34). Upon injecting AAV-DIO-TdTom into the RVM of VGLUT2-cre or

291  VGAT-cre mice, red fluorescent fibers were found in the LC and pericoerulear region in

292  innervation patterns distinct from VIPAG axons (Figure 4K-O). Notably, pixel intensity analysis
293  revealed that RVM"CLUTZ-¢¢ axons were sparse within the LC somatic region and in the medial
294  pericoerulear region, did not innervate Barrington’s nucleus, and innervated a region just lateral
295  to LC. In contrast, RVM"¢47¢" axons appeared to strongly innervate the LC somatic region and
296  symmetrically spill over only slightly into the medial and lateral pericoerulear regions (Figure
297  4P-Q). Additionally, analysis of fibers from all four projection origin- and cell type combinations
298  along the dorsal-ventral axis within the LC somatic region suggested that vIPAG largely targets
299  dorsal LC whereas RVM targets ventral LC (Figure 4R).

300

301  To determine if RVM-to-LC neurons send branching axons to other structures, we injected

302  AAVretro-cre in LC and AAV-DIO-tdTom in RVM (Figure 4S). We observed fluorescent fibers
303 in several brain regions other than the LC. Most prominent was a dense projection to the

304  parafascicular nucleus of the thalamus, which also receives input from LC (67) (Figure 4T-V).
305 Notably, we did not find fluorescent axons in the spinal cord dorsal horn, indicating that RVM-
306 LC projection neurons belong to a population distinct from the spinally-projecting RVM neurons

307 that directly modulate incoming noxious sensory information. Taken together, these results

10
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308  suggest that the LC receives neurochemically-diverse synaptic inputs from multiple hindbrain
309 nodes within the DPMS.

310

311  Synaptic properties of VIPAG and RVM input to the LC

312  To gain insight into the functional significance of these pathways, we optogenetically stimulated
313  VvIPAG or RVM axons in LC during acute brain slice electrophysiological recording from LC-NA
314  neurons. To achieve high expression of channelrhodopsin (ChR2) in all projection cell types, we
315 injected wild-type mice in either the vVIPAG or RVM with a combination of AAVDJ-Efla-

316 mCherry-IRES-cre and AAVDIJ-Efla-DIO-ChR2-mCherry. After 3-4 weeks of expression, we
317  prepared coronal slices and obtained whole-cell recordings from morphologically-identified LC
318 neurons. We targeted cells that were located in the ventral half of LC in order to bias our

319  recordings towards the spinally-projecting population (/&) and confirmed that each recorded

320 neuron exhibited spontaneous tonic firing at ~1.5 Hz.

321

322 We first determined the net effect of optogenetic axon stimulation on LC neuron firing using a 2-
323  second blue light stimulus (25 Hz). Upon activating vIPAG inputs, we observed a firing rate

324  increase in 80% of recorded neurons, whereas 20% showed no significant change. Across the
325  population, this resulted in an overall increase in firing rate during the stimulus (Figure SA-B).
326  In contrast, upon activating RVM inputs to LC, we observed a firing rate increase in in only 10%
327  of the recorded neurons, and a decrease in 60%, whereas 30% were not modulated. Across the
328  population, this resulted in an overall decrease in firing rate (Figure 5C,D).

329

330 To gain insight into the synapses driving these changes in action potential firing, we measured
331 optically-evoked postsynaptic currents in voltage clamp recordings. To electrically isolate

332  excitatory and inhibitory postsynaptic currents (0EPSCs and oIPSCs), we applied light while
333  holding neurons at both -70 mV and 0 mV, respectively. Upon stimulating vIPAG axons (1 x 5
334  ms pulse), we detected oEPSCs in 30/36 neurons. Seven of these 30 neurons also responded with
335  oIPSCs, but we did not observe any neurons displaying oIPSCs only. The relative oEPSC and
336  oIPSC peak amplitudes are consistent with the overall excitatory drive from vIPAG observed in
337  current clamp (Figure SE). On the other hand, upon stimulating RVM axons, we found oEPSCs
338 in 32/72 neurons and oIPSCs in 62/72 neurons, while 30/72 LC neurons exhibited both. The
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339 relative oEPSC and oIPSC peak amplitudes are consistent with the overall net inhibition of LC
340 firing by the RVM (Figure SF).

341

342  We next used pharmacology to dissect the underlying synaptic receptors, assess the presence of
343  mono- and/or poly-synaptic connections, and evaluate the mu opioid-sensitivity of each pathway.
344  Consistent with a glutamatergic, monosynaptic excitatory connection, vVIPAG-driven oEPSCs
345  were blocked by the AMPA receptor antagonist NBQX (10 uM) and were completely abolished
346 by the voltage-gated sodium channel blocker TTX (1 uM), but could subsequently be rescued by
347  application of the voltage-gated potassium channel antagonist 4-aminopyridine (4-AP; 100 uM)
348  (Figure 5G-H). Indicative of a mixed GABAergic and glycinergic projection, RVM-driven

349  oIPSCs were partially blocked by the GABA-A receptor antagonist GABAzine (20 uM), and
350 fully blocked by subsequent addition of the glycine receptor antagonist strychnine (10 uM)

351  (Figure SI). Demonstrating the presence of a monosynaptic inhibitory connection, the oIPSCs
352  were abolished and restored by TTX and 4-AP, respectively (Figure 5J). However, bath

353  application of NBQX and the NMDA antagonist CPP (10 uM each) significantly decreased the
354  oIPSC amplitude, suggesting an additional feed-forward, polysynaptic inhibitory component
355  (Figure 5K).

356

357  Finally, we assayed the opioid sensitivity of vVIPAG-driven oEPSCs and RVM-driven oIPSCs by
358  bath applying DAMGO (1 uM) (Figure 5L). Whereas vIPAG-driven oEPSCs were only slightly
359  suppressed, RVM-driven oIPSCs were strongly attenuated. This suggests that in the presence of
360 opioids, VIPAG excitatory drive to the LC remains largely intact, whereas suppression of

361 inhibitory synaptic transmission from the RVM is poised to disinhibit LC neurons.

362

363 VvIPAG and RVM inputs to LC modulate nociception

364  We next aimed to determine the contributions of these synaptic pathways to nociception and
365  systemic morphine antinociception. Due to the prominence of branching axons, we used a

366 chemogenetic loss-of-function strategy that restricts inhibition to synaptic terminals in target
367  structures via CNO infusion through implanted cannulas (62). We first investigated the

368  contribution of VIPAG output to the LC. After bilateral injection of AAV-DIO-HM4D-mCherry

369 into the VIPAG of VGLUT?2-cre mice and 3 weeks of expression, we implanted injected mice and
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370  control uninjected wildtype mice with cannulas bilaterally over the LC. Following recovery,
371  mice were tested on the hot plate after bilateral infusion of either saline or CNO (3 uM), both in
372 an opioid-naive state and after injection of morphine (5 mg/kg, s.c.). In wildtype mice, intra-LC
373  infusion of CNO had no effect either in the absence or presence of morphine (Figure 6A). In
374  vIPAGCLUTZ-cre:: HMA4D mice, although intra-LC infusion of CNO did not alter baseline

375  nociception, it produced a large, partial reduction in systemic morphine antinociception (Figure
376  6B). These results indicate that vIPAG glutamatergic output to LC is crucial for systemic

377  morphine antinociception but may work in tandem with other descending structures (e.g., the
378 RVM) to achieve the full morphine effect.

379

380  We next sought to determine if RVM-to-LC inhibitory projections shape nociception. We first
381  challenged RVM"¢4T¢¢;:HM4D mice with systemic CNO to determine the effect of inhibiting all
382  RVM inhibitory neurons. This global inhibition had no effect on baseline nociception or

383  morphine (5 mg/kg) antinociception on the hot plate (Figure S5). In contrast, suppression of
384  RVM inhibitory output to the LC via local CNO infusion increased hot plate withdrawal

385 latencies, which is consistent with disinhibition of descending LC-NA neurons (Figure 6C).
386  Confirming this hypothesis, intrathecal phentolamine completely blocked the resulting

387 antinociception. Chemogenetic suppression of this pathway had no effect on morphine

388 antinociception, which is consistent with occlusion of MOR-mediated synaptic suppression by
389  HMA4D activation (and vice-versa). Taken together, these pathway-specific manipulations are
390 consistent with direct excitation of LC by vIPAG glutamatergic neurons and tonic inhibition by
391 RVM inhibitory neurons that leads to opioid-driven disinhibition in the presence of opioids to
392  shape nociceptive behavior (Figure 6D).

393

394  Discussion

395 In this study, we establish a critical and previously underappreciated role for LC activity in

396  systemic morphine antinociception and delineate the synaptic mechanisms by which vIPAG and
397 RVM activate the LC in response to supraspinal opioid signaling. Although the LC is frequently
398 included in DPMS circuit models, prior lesion studies aimed at identifying the sources of spinal
399 NA concluded that the LC makes only a minor contribution, which led to a focus on the A7

400 nucleus (28, 63—66). In contrast, our results establish a central role for the LC in morphine
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401  antinociception in mice. We find that systemic morphine induces c-Fos in LC NA neurons,

402  consistent with neuronal activation, although other morphine-responsive receptors, such as Gs-
403  coupled Mas-related G protein-coupled receptors (MRGs) (67-69) could be involved. However,
404  this effect was also significantly blocked by systemic opioid antagonism, pointing to a role for
405  upstream opioid receptors in VIPAG interneurons and/or the inhibitory RVM inputs described in
406 this study. Importantly, our loss-of-function manipulations indicate a major contribution of the
407  LC to systemic morphine antinociception. The apparent discrepancy between our findings and
408  previous work might be attributed to differences in the anatomy and/or neurochemistry of the
409 DPMS in rats and mice. Indeed, in our hands, mouse LC neurons exhibited a comparatively

410 small opioid response, whereas the rat LC is profoundly inhibited by opioids (42, 43). In either
411  case, because transgenic mice are widely used in contemporary pain research, understanding
412  their descending pain modulatory circuitry is of great importance.

413

414  The vIPAG has been long appreciated to contribute to morphine antinociception due to the initial
415  finding that local vIPAG opioid administration produces potent antinociception. However, its role
416  has not been unequivocally established, as lesion studies in rats arrive at different conclusions
417 (70, 71), perhaps due to differences in lesion protocol and the limited precision of this method.
418  Using cell type-specific chemogenetic loss-of-function, our work demonstrates that

419  glutamatergic output from the vIPAG is critical for morphine antinociception. This is consistent
420  with classic models of opioid-mediated disinhibition of VIPAG neurons that project to the RVM,
421  which we found to send prominent axon collaterals to the LC. This surprising finding suggests
422  that activation of antinociceptive projections neurons in the vVIPAG recruits the LC and RVM in
423  parallel. This model is further bolstered by the relatively low mu opioid-sensitivity of vVIPAG
424  excitatory synaptic transmission onto LC neurons, such that disinhibited vIPAG output should
425  faithfully drive LC activity in the presence of systemic MOR agonists.

426

427  Our results also reveal several distinctions between the role of NA in spinal and supraspinal

428  opioid antinociception. At low doses of morphine (e.g., 5 mg/kg), the antinociception is mediated
429  primarily by supraspinal opioid receptors, as evidenced by nearly complete loss of systemic

430 morphine antinociception upon chemogenetic VIPAG silencing and loss of descending NA. In

431  contrast, higher morphine doses (>10 mg/kg) may directly engage spinal opioid receptors, as
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432  intrathecal phentolamine only partially blocks this antinociception. These results are consistent
433 with a proposed multiplicative effect of supraspinal and spinal opioids at lower morphine doses,
434  whereas the effect of either site can mediate antinociception at higher doses (39, 72, 73). Yet,
435  within the spinal cord, NA-opioid interactions are likely critical. In our data, both vVIPAG"¢LU72-
436  ¢::HM3D and low-dose systemic morphine antinociception were completely blocked by

437  phentolamine or naltrexone. Since both involve the vVIPAG, one possibility is that spinal

438  endogenous opioids are recruited via the RVM. Alternatively, because the antinociception

439  produced by intrathecal NA is blocked by intrathecal opioid antagonists (74), NA may drive

440 endogenous opioid release in the spinal cord. However, neither spinal NA nor spinal opioids
441  alone are sufficient to support the vVIPAG-driven antinociception. Intrathecal naltrexone blocked
442  systemic morphine antinociception at all doses tested, consistent with spinal opioid signaling
443  being a critical end-point. Because intrathecal morphine antinociception does not require spinal
444  NA signaling, we posit that spinal opioid receptors gate spinal NA-mediated antinociception.
445

446  Our results indicate a major role for the LC, as well as the glutamatergic vIPAG projections to it,
447  in systemic morphine antinociception. However, upon inhibition of either, abrogation of

448  antinociception was incomplete. This suggests that other parallel descending pathways also

449  contribute to systemic morphine effects. A likely possibility is that vIPAG projections to RVM
450  contribute to morphine antinociception in a parallel and additive fashion, taking advantage of
451  VvIPAG bifurcations to both structures. Alternatively, AS and A7 are other sources of descending
452  NA that may be involved in morphine antinociception. A large body of literature supports an
453  antinociceptive function for A7 that depends on spinal NA signaling. More recently, AS has been
454  proposed to mediate diffuse noxious inhibitory control of pain downstream of the LC (75, 76).
455  Both of these regions also receive anatomical inputs from both vIPAG and RVM (29, 34). Future
456  experiments are required to assess the contributions of these pathways to systemic opioid

457  antinociception.

458

459  Finally, our discovery of a largely inhibitory drive from RVM to LC was unexpected. While

460 chemogenetic inhibition of these RVM outputs specifically to LC caused spinal NA-dependent
461  antinociception, presumably via disinhibition of LC, inhibiting all RVM inhibitory neurons had

462  no effect on either opioid-naive nociception or morphine antinociception (Figure S5). This may
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463  be due to interactions between pro- and antinociceptive RVM projections to the spinal cord (2,
464  35). Interestingly, LC-projecting RVM neurons do not appear to project to the spinal cord and
465 instead send ascending projections to the thalamus. It is not currently clear how LC-projecting
466  RVM neurons might fit into the canonical On- and Off-cell framework. Additionally, how these
467  LC-projecting RVM neurons become activated remains to be determined.

468

469  Overall, this work establishes the LC as a central source of spinal NA that generates systemic
470  morphine antinociception and identifies excitatory input from vIPAG neurons as the critical

471  synapse that drives LC in this context. In addition, it establishes a new synaptic pathway between
472  the medial RVM and LC that can produce acute antinociception via disinhibition of LC-NA

473  neurons, leading to spinal NA release. Although this study utilized an exogenous opioid drug, the
474  circuit elements uncovered are likely involved in other forms of top-down descending pain

475  modulation that rely on endogenous opioids, such as placebo- and stress-induced analgesia.

476
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477  Materials and Methods

478  Animals

479  All procedures were performed in accordance with protocols approved by the University of

480 California San Diego Institutional Animal Care and Use Committee (UCSD IACUC protocol
481  S16171) and guidelines from the US National Institutes of Health Guide for Care and Use of
482  Laboratory Animals. Mice were group housed, maintained on a 12-hour reversed light/dark

483  cycle, and allowed ad libitum access to food and water. Experiments were performed under red
484  lighting during the dark period. Strains used include the following: C57BI1/6J (Jackson

485  Laboratory stock #664), DBH-cre (MMRRC/GENSAT #032081-UCD, Tg(DBH-

486  cre)HK212Gsat/Mmucd), VGLUT2-IRES-cre (Jackson Laboratory stock #028863,

487  B6J.129S6(FVB)-Slc17a6™m2Ctovl/Mwar]), and VGAT-IRES-cre (Jackson Laboratory stock
488  #028862, B6J.129S6(FVB)-Slc32alm2crotowl/Myar]). Ail4 tdTomato (Jackson Laboratory
489  stock #7914, B6.Cg-Gt(ROSA )?6SortmI4(CAG-dTomato)Hze/ 1y and Oprm1™" (Jackson Laboratory stock
490  #30074, B6;129-Oprm1™!1Ce/K £f]) mice were also obtained from Jackson Labs, but bred in-
491  house to DBH-cre mice. Mice were used for experiments between the ages of 8-20 weeks. Both
492  male and female mice were used for all experiments.

493

494  Drugs

495  The following drugs were purchased from HelloBio: CNO (HB1807), NBQX disodium salt
496  (HBO0443), Tetrodotoxin citrate (HB1035), GABAzine (SR 95531 hydrobromide; HB0901), and
497  (R)-CPP (HB0021). Naltrexone hydrochloride (N3136), naloxone hydrochloride (N7758), 4-
498  aminopyridine (A78403) and strychnine hydrochloride (S8753) were purchased from Sigma-
499  Aldrich. Morphine sulfate was purchased from Spectrum Chemicals (M1167). Phentolamine
500 hydrochloride was purchased from Abcam (ab120791). DAMGO was purchased from R&D
501 Systems, Inc. (1171). CNV-Y-DAMGO was prepared in house, as previously reported (44).

502  Drugs to be injected or intracranially infused were dissolved in 0.9% saline and sterile filtered
503  before use.

504

505 Viral constructs

506 The following viruses were purchased from Addgene: AAV8-hsyn-DIO-HM4Di-mCherry,

507 (Addgene 44362, titer 2.3x10'%), AAV8-hsyn-DIO-HM3Dg-mCherry (Addgene 44361, titer

508  2.1x10'3), AAVretro-hsyn-cre (Addgene 105553, titer 2.1x10'%), AAVretro-Efla-FlpO (Addgene
509 55637, titer 1.3x10'%). The following were made and titered in-house using Addgene plasmids:
510 AAVDIJ-hsyn-DIO-mCherry (Addgene 50459, titer 3.5x10'%), AAVDJ-efla-fDIO-EYFP

511  (Addgene 55641, titer 2x10'"), AAVDJ-Efla-mCherry-IRES-cre (Addgene 55632, titer

512  4.3x10'?), AAVDJ-efla-DIO-ChR2(H134R)-mCherry (Addgene 20297, titer 2.55x10'%). AAV1-
513 FLEX-efla-taCasp3-TEVP (titer 2.1x10'?) and AAV1-CAG-FLEX-tdTomato (titer 7.6x10'?)
514  were both purchased from the UNC Vector Core. We received AAVDJ-CAG-DIO-Kir2.1-P2A-
515  zsGreen as a gift from the laboratory of Dr. Byungkook Lim.

516

517 Intrathecal injections

518 Intrathecal injections were performed according to the protocol detailed by Hylden and Wilcox
519  (77). Acute percutaneous intrathecal injections were executed using a 30G 1-inch needle attached
520 toa 10 ul Hamilton syringe via polyethylene tubing. Mice were lightly anesthetized with 2%
521  isoflurane, the fur over their lumbar spine was removed with electric clippers, and the skin

522  disinfected with alternating povidone-iodine solution and isopropyl alcohol. While firmly
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523  holding the pelvic girdle, the needle was inserted into the skin over the lumbar spine at a 20-
524  degree angle. The needle was guided between the vertebrae until it entered the spinal column,
525  which was signified by a tail flick. Each intrathecal injection was given at a volume of 5 pl. Mice
526  were given at least 10-15 minutes to recover from the intrathecal injection before behavioral
527  testing.

528

529  Behavior assays

530  Thermal nociceptive behavior

531 Mice were habituated to a hot plate (Thermo Fisher Scientific #SP88857100) at room

532  temperature in a clear plastic cylinder for at least 20 minutes. During testing, mice were placed
533  on the hot plate at 52°C and observed for a nocifensive response (hind paw withdrawal, shaking,
534  licking, or jumping). Mice were immediately removed from the hot plate at the first sign of a
535 nocifensive response, and the time to paw withdrawal was recorded. Each trial was terminated
536  after a maximum of 60 seconds, even if no withdrawal occurred, to avoid tissue damage. Mice
537  were tested twice on the hot plate during each session with a 3-5-minute intertrial interval.

538

539  Mechanical nociceptive behavior

540 Mice were tested for mechanical thresholds using either the von Frey or pin prick assay. In both
541  cases, mice were placed in a clear cylinder on an elevated wire grid and allowed to habituate for
542 20 minutes. Using the up-down method (78), von Frey filaments (Ugo Basile) of varying

543  stiffnesses were applied to each hindpaw separately, with a 3-minute break until returning to the
544  first paw, until a withdrawal response could be recorded and a 50% withdrawal threshold could
545  be calculated. The resulting threshold values (in grams) for each paw were averaged together to
546 calculate the mechanical threshold for each mouse. During the pin prick assay, a fine insect pin
547  (size 000, ThermoFisher Scientific NC9295307) was applied to the plantar surface of each hind
548 paw 5 times at 5-minute intervals for a total of 10 trials. Response to pin was calculated as the
549  number out of 10 trials in which the mouse displayed nocifensive withdrawal behavior.

550

551  Elevated plus maze and open field

552  Mice were placed on an elevated plus maze with two open and two closed arms (52 cm diameter)
553  and video recorded (Logitech) for a 20-minute period. The SMARTV3.0 video tracking software
554  (Panlab) was used to measure the percent of time spent in the open vs. closed arms of the

555  apparatus. Additionally, the distance traveled during the 20-minute testing period was reported.
556  Similarly, locomotion in the open field was tested by placing mice in a square arena (18 cm x 18
557  cm) for a 20-minute testing period and the SMARTV3.0 software was used to track mouse

558 trajectory and calculate distance traveled.

559

560  Surgeries

561  Before surgery, mice were deeply anesthetized by induction at 5% isoflurane, after which

562  anesthesia was maintained by 2% isoflurane (SomnoSuite, Kent Scientific). After mice were
563 placed in a stereotaxic frame (David Kopf Instruments), a midline incision was made through the
564  scalp following fur removal and site preparation by alternating povidone-iodine and 70%

565 isopropyl alcohol. 100-250 nl of virus was injected at a rate of 100 nl/min at defined stereotaxic
566  coordinates. The stereotaxic coordinates used for viral injections are as follows: VIPAG, angle
567 £10°, AP -4.60 mm, ML * 0.32 mm, DV 2.85 mm; RVM, angle 10°, AP -7.00 mm, ML +0.26
568 mm and -0.67 mm, DV 6.30 mm and 6.26 mm; LC, angle £10°, AP -5.45, ML £0.75 mm, DV
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569  4.10 mm. For bilateral LC cannula implants, the following coordinates were used: angle £15°,
570 AP -5.45 mm, ML £0.9 mm, DV 3.80 mm. Guide cannulas were 26G, included a 5 mm pedestal,
571  and were cut 5 mm below the pedestal. Internal cannulas were 33G and included 1 mm

572  projection from the end of the guide cannula (Plastics One/Protech International, Inc.). Cannulas
573  were secured to the surface of the skull using light-cured dental epoxy and anchored by one

574  screw. For all surgeries, mice were administered 5 mg/kg ketoprofen (MWI Veterinary Supply)
575  before the end of surgery and 24 hours later and monitored for recovery for 5 days.

576

577  Brain slice preparation

578  Mice were anesthetized with isoflurane before rapid decapitation. Brains were removed, blocked,
579  and mounted in a VT1000s vibratome (Leica Instruments). Coronal midbrain slices (190 um)
580 containing the LC were prepared in ice-cold choline-based artificial cerebrospinal fluid

581 containing 25 mM NaHCOs3, 1.25 mM NaH2POs, 2.5 mM KCI, 7 mM MgClz, 25 mM glucose,
582 0.5 mM CaClz, 110 mM choline chloride, 11.6 mM ascorbic acid, and 3.1 mM pyruvic acid,

583  equilibrated with 95% 02/5% COa. Slice were transferred to 32°C oxygenated artificial

584  cerebrospinal fluid (ACSF) containing 125mM NaCl, 2.5 mM KCI, 25 mM NaHCOs3, 1.25 mM
585 NaH2POs, 2 mM CaClz, | mM MgClz, and 10 mM glucose, osmolarity 290. Slices were

586 incubated for 20 minutes, then brought to room temperature before recording.

587

588 Slice Electrophysiology

589  Slice physiology experiments were performed in a chamber continuously perfused with warmed
590 (32°C) ACSF equilibrated with 95% 02/5% COz. Recording pipettes were pulled from

591  borosilicate glass on a P-1000 Flaming/Brown micropipette puller (Sutter Instruments) to a

592  resistance of 1-3.5 MQ. Recordings were made with an Axopatch 700B amplifier (Axon

593 Instruments) and data sampled at 10 kHz, filtered at 3 kHz, and acquired using National

594  Instruments acquisition boards and a custom version of Scanlmage written in MATLAB

595 (MathWorks). LC neurons were visually identified and confirmed to exhibit tonic action

596  potential spiking of ~1.5 Hz. Recordings were biased toward the ventral portion of LC on each
597  coronal slice. Recordings of action potential spiking were made in current clamp with patch

598 pipettes filled with an internal solution containing 135 mM KMeSOs3, 5 mM KCI, 5 mM HEPES,
599 4 mM MgATP, 0.3 mM NaGTP, 10 mM phosphocreatine, and 1.1 mM EGTA (pH 7.25, 290

600 mOsm kg™). Firing rate vs. current input (f-I) curves were constructed using 1-second steps of
601  direct current input (-100, 50, 100, 150, 200, 250, 300 pA) 10 seconds apart. The effect of CNV-
602  Y-DAMGO circulating in the bath on spiking was determined by presenting a single 50 ms flash
603  of UV light (365 nm LED, 84 mW, pE-300ultra, CoolLED) and recording tonic spiking for 20
604  seconds before and 100 seconds after the flash. Firing rate in the 10 seconds before and after the
605 flash, latency to spike after the flash as a measure of the pause in action potential firing, and the
606  change in membrane potential after the flash were measured. For the effect of optogenetically-
607  mediated excitation of inputs to LC on tonic spiking, 50x2 ms pulses of blue light (470 nm, 18
608 mW, pE-300ultra LED) at 25 Hz for a total of 2 seconds were delivered. The firing rate in the 2
609  seconds before and 2 seconds during blue light stimulation were used to compare light-evoked
610 excitation or inhibition.

611

612  Recordings of evoked postsynaptic currents were made in voltage clamp with patch pipettes

613 filled with an internal solution containing 135 mM CsMeSO3, 3.3 mM QX314 Cl salt, 10 mM
614  HEPES, 4 mM MgATP, 0.3 mM NaGTP, 8§ mM phosphocreatine, and 1 mM EGTA (pH 7.2-7.3,
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615 295 mOsm kg!). Cells were rejected if holding currents became more negative than -200pA or if
616  series resistance exceeded 25 MQ. Recordings of opioid-evoked currents were recorded in the
617  presence of NBQX (10 uM), CPP (10 uM), GABAzine (20 pM), and strychnine (10 pM) to

618 eliminate synaptic currents. As in current clamp, CNV-Y-DAMGO was photoactivated by a

619  single 50 ms flash of UV light. While recording optogenetically-evoked EPSCs and IPSCs in LC
620  neurons, ChR2 terminals were stimulated with a single 5 ms flash of blue light. Initial

621  characterization of oEPSCs and oIPSCs was done in the absence of synaptic blockers and each
622  current was isolated by holding the LC neuron at -70 mV or 0 mV, respectively. Further

623  pharmacological verification of evoked currents was performed with AMPA blocker NBQX (10
624  uM), NMDA blocker CPP (10uM), GABA-A receptor blocker GABAzine (SR 95531, 20uM),
625  glycine receptor blocker strychnine (10 uM), sodium channel blocker TTX (1 uM), and

626  potassium channel blocker 4-aminopyridine (100 uM). Opioid sensitivity of evoked postsynaptic
627  currents was assessed by bath perfusion of mu-opioid receptor agonist DAMGO (1 uM). All

628  electrophysiology data were processed in Igor Pro (Wavemetrics).

629

630  Fluorescent in situ hybridization (FISH)

631  FISH was performed either in naive wild type mice or in mice bilaterally injected in RVM with
632  green retrobeads (Lumafluor, Inc.). Mice were deeply anesthetized and decapitated. Brains were
633  quickly removed and frozen in Tissue-Tek OCT medium (Sakura) on dry ice until completely
634  solid. Brain slices (8 um) were prepared on a cryostat (Leica CM 1950) and adhered to

635  SuperFrost Plus slides (VWR). Samples were fixed with 4% paraformaldehyde and processed
636  according to instructions in the ACD Bio RNAscope Fluorescent Multiplex Assay (Fluorescent
637  Reagent Kit v2) manual and cover slipped with ProLong antifade media (Molecular Probes).

638  Images were taken on a Keyence microscope (BZ-X710) using a 60x 1.4 NA oil immersion

639  objective configured for structured illumination microscopy. Puncta counting in FISH images
640  was completed using a custom pipeline designed in CellProfiler.

641

642  Histology

643  For all other mice, brains were fixed using chilled 4% paraformaldehyde in phosphate buffered
644  saline (PBS) by transcardial perfusion and cryoprotected in 30% sucrose in PBS solution. In

645  some cases, spinal cords were also removed and processed in the same fashion. Brain slices (40
646  um) were prepared on a freezing microtome (ThermoFisher Scientific Microm HM450). For
647  sections selected for immunohistochemistry, slices were blocked in PBS-Triton (0.3% TritonX-
648 100 in 1x PBS) with 5% donkey or goat serum for 1 hour at room temperature. Incubation in
649  primary antibodies occurred in PBS-Triton plus 1% serum at 4°C for 24-72 hours. Following 3
650  10-minute wash steps in PBS, the slices were incubated in PBS-Triton plus 1% serum with

651  secondary antibodies for 4 hours at room temperature. After 3 more wash steps, slices were

652  mounted and cover slipped with mounting media containing DAPI (Vector Laboratories, H1200).
653  Primary antibodies (1:500) used include rabbit anti-c-Fos (9F6) (#2250, Cell Signaling

654  Technology), rabbit anti-tyrosine hydroxlase (AB152, EMD Millipore), and mouse anti-tyrosine
655  hydroxylase (T2928, Sigma). Secondary antibodies used include Alexa Fluor 488 Donkey anti-
656  rabbit, Alexa Fluor 555 donkey anti-mouse, Alexa Fluor 488 goat anti-rabbit and Alexa Fluor
657 555 goat anti-rabbit (1:500, Invitrogen). After mounting, slices were imaged on a Keyence

658  microscope (BZ-X710) at 2x, 10x, or 20x magnification. Cell counts and quantification of

659  fluorescent colocalization were performed using custom pipelines in Cell Profiler. Pixel intensity
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660  analysis was performed in Image J, z-scores calculated in Microsoft Excel, and resulting values
661  graphed in GraphPad Prism.

662

663  Statistics

664  Data in each figure are presented as mean = SEM and individual data points from experimental
665  replicates are plotted in most cases. Statistical analyses were performed in GraphPad Prism. The
666 test performed, number of experimental replicates, mean + SEM for each condition, statistics
667  provided by ANOVA and two-way ANOVA tests for each variable, and p-values for the overall
668 test are provided in the figure legend. Individual p-values resulting from post hoc tests to correct
669  for multiple comparisons appear in the figures. Repeated measures within individual replicates
670  were taken into account where applicable based on experimental design. Data were tested for
671  normality using the Shapiro Wilk test, and non-parametric statistics were used when necessary
672  and possible. In certain cases, when multiple conditions included different numbers of

673  experimental replicates, a mixed-effects model was used in place of a two-way ANOVA. Raw
674  data for each graph as well as the results of statistical tests are available in the Source Data

675  spreadsheet.

676
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927

928  Figure 1. Intrathecal noradrenergic and opioidergic antagonists attenuate systemic morphine

929  antinociception. A. Schematic of intrathecal and systemic injection combinations and morphine doses. B.
930 Hot plate (52°C) withdrawal latencies resulting from increasing doses (0, 5, 12, 20 mg/kg) of

931  subcutaneous morphine grouped by intrathecal antagonist administered (saline vs. 5 pug phentolamine vs.
932 5 pgnaltrexone; ordinary two-way ANOVA with post hoc Tukey’s multiple comparisons test; intrathecal
933 drug effect, p<0.0001, F(2,81)=95.35; morphine dose effect, p<0.0001, F(3,81)=56.61; interaction,

934  p<0.0001, F(6,81)=16.75). C. Same data as in B from intrathecal saline and phentolamine groups

935  organized by systemic morphine dose to facilitate comparisons at each dose (ordinary two-way ANOVA
936  with post hoc Sidak’s multiple comparisons test; intrathecal drug effect, p<0.0001, F(1,52)=63.07;

937  morphine dose effect, p<0.0001, F(3,52)=50.55; interaction, p=0.0002, F(3,52)=8.037). D. Schematic of
938 intrathecal coadministration of morphine (2.5 pg) or saline with saline, phentolamine (5 pg) or naltrexone
939 (5 ug). E. Hot plate withdrawal latencies before (white) and after (blue: saline, red: phentolamine, green:
940 naltrexone) intrathecal injection of morphine and antagonist (pre- vs. post-intrathecal injection, n=9 pairs
941  each, two-sided Wilcoxon matched-pairs signed rank test; post-intrathecal morphine + saline vs. post-
942  intrathecal morphine + phentolamine, n=9 saline, n=9 phentolamine, two-sided Mann-Whitney test). F.
943  Hot plate withdrawal latencies before (white) and after (light blue: saline, pink: phentolamine, light green:
944  naltrexone) intrathecal injection of saline and antagonist (pre- vs. post-intrathecal injection, n=6 pairs

945  each, two-sided Wilcoxon matched-pairs signed rank test). All bar graphs depict mean = SEM and include
946  individual experimental replicate values.
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947

948  Figure 2. LC activity is required for systemic morphine antinociception. A. Subcutaneous saline, 10
949  mg/kg morphine, and 10 mg/kg morphine + 10 mg/kg naloxone injections and representative images of
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950  resulting c-Fos (green) immunohistochemistry in DBH-cre::tdTom mice. Scale bars 150 pm. B.

951  Percentage of DBH-positive LC neurons that colocalize with green c-Fos signal (5-8 LC images analyzed
952  per mouse; n=6 saline, n=6 morphine, n=4 morphine + naloxone; saline = 29.9 + 5.1%, morphine = 71.0
953  +4.5%, morphine + naloxone = 47.9 + 4.2%; Ordinary One-way ANOVA with post hoc Tukey’s multiple
954  comparisons test, p<0.0001, F(2,13) = 20.97)). C. Left: representative traces of CNV-Y-DAMGO light-
955  evoked uncaging (purple arrows: 50 ms, 365 nm LED, 84 mW) during current clamp (top) and voltage
956  clamp (bottom) recordings in whole cell patch clamp from LC neurons in wild type mice. Right: LC

957  neuron opioid response characterized by change in membrane potential after light flash, pause in firing
958  calculated as latency to first spike after light flash, tonic firing rate during the 10 seconds before and 10
959  seconds after light flash (p<0.0001, two-sided Wilcoxon matched-pairs signed rank test), and evoked
960  outward current amplitude (n=16 cells each). D. f-I curves recorded from LC neurons in wild type mice
961  before and after bath application of 1 uM DAMGO (n=7 cells; two-sided Wilcoxon matched-pairs signed
962  rank test at 50 pA, 100 pA, 150 pA, and 200 pA). E. Injection schematic, representative images and

963  quantification of neuronal ablation of mice after bilateral injection of AAV-DIO-Casp3 in LC (n=11

964  DBHcre:TdTom, n=15 TdTom control; DBH-cre =79 £+ 15 cells , control = 2376 + 137 cells; two-sided
965  Mann-Whitney test). F. Left, hot plate paw withdrawal latencies of control and DBH-cre mice following
966  subcutaneous administration of 0, 5, and 10 mg/kg morphine (Two-way repeated measures ANOVA with
967  post hoc Sidak’s multiple comparisons test; n=11 DBHcre:TdTom n=15 TdTom control; morphine dose
968 effect, p<0.0001, F(1.365,32.75)= 78.80, genotype effect, p=0.0006, F(1,24)=15.67, morphine dose x
969  genotype interaction, p=0.0004, F(2,48)=9.328). Right, Response to 10 hind paw pin pricks following
970  morphine administration (Two-way repeated measures ANOVA with post hoc Sidak’s multiple

971 comparisons test; n=11 DBHcre:TdTom n=15 TdTom control; morphine dose effect, p<0.0001,

972  F(1.690,40.56)=72.20, genotype effect, p=0.0006, F(1,24)=15.52, morphine dose x genotype interaction,
973  p=0.0037, F(2,48)=6.294). G. Top, Slice electrophysiology recordings from Kir2.1-positive and -negative
974  LC neurons. Bottom, representative traces of tonic AP firing in control vs. Kir2.1-expressing neurons. H.
975  Left, resting membrane potential of control vs. Kir2.1-expressing neurons (n=10 Kir2.1-positive, n=9
976  control; Kir2.1 RMP =-70.1 £ 3.0 mV, control RMP =-46.9 + 2.4mV, two-sided Mann-Whitney test).
977  Right, tonic AP firing rate of control vs. Kir2.1-expressing neurons (Kir2.1 tonic firing rate = 0.006 *
978 0.006 Hz, control tonic firing rate = 1.61 £ 0.25 Hz, two-sided Mann-Whitney test). 1. Left, f-I curves of
979  control vs. Kir2.1-expressing neurons for 7 current steps (n=10 Kir2.1-positive, n=9 control; two-sided
980  Mann-Whitney test). Right, representative traces of evoked AP firing from a control (grey) and a Kir2.1-
981  expressing (green) neuron at 50 pA (top) and 200 pA (bottom) current steps. J. Injection schematic,

982  representative image of zsGreen expression in the LC of a DBH-cre::tdTom mouse (scale bar = 150 um)
983  and quantification of viral coverage given as % tdTom LC neurons labeled by zsGreen (n=12

984  DBHcre:TdTom, n=13 TdTom control; control = 1.2 + 0.3%, DBH-cre = 79.0 *+ 2.0%; two-sided Mann-
985  Whitney test). K. Left, hot plate paw withdrawal latencies of control and DBH-cre mice following 0, 5,
986  and 10 mg/kg morphine, s.c. (Two-way repeated measures ANOVA with post hoc Sidak’s multiple

987 comparisons test; n= 12 DBHcre:TdTom, n=13 TdTom control; hot plate: morphine dose effect, p<0.0001,
988  F(1.092,25.11)=46.27, genotype effect, p=0.001, F(1,23)=14.30, morphine dose x genotype interaction,
989  p=0.013, F(2,46)=4.790). Right, Response to 10 hind paw pin pricks following morphine (Two-way

990 repeated measures ANOVA with post hoc Sidak’s multiple comparisons test; n= 12 DBHcre:TdTom, n=13
991 TdTom control; morphine dose effect, p<0.0001, F(1.695,38.99)=58.23, genotype effect, p=0.0004,

992  F(1,23)=17.20, morphine dose x genotype interaction, p=0.0044, F(2,46)=6.131). Data in each graph

993  reported as mean = SEM.

994
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995

996  Figure 3. vIPAG activity is required for systemic morphine antinociception and drives spinal NA-
997  dependent antinociception. A. Bilateral AAV-DIO-HM4Di-mCherry injections in VIPAG of VGLUT2-
998  cre mice with representative image of viral expression. Scale bar 500 um. B. Left, hot plate withdrawal
999 latencies of VIPAG"“*V"?*::HM4D mice administered 3 mg/kg CNO, i.p. vs. saline without (light green
1000  bars) and with 5 mg/kg morphine, s.c. (dark green bars) (Two-way repeated measures ANOVA with post
1001 hoc Tukey’s multiple comparisons test; n=13 mice; sal vs. CNO effect, p<0.0001, F(1,12)=56.93,
1002  morphine effect, p<0.0001, F(1,12)=43.25, morphine x CNO interaction, p=0.048, F(1,12)=4.837). Right,
1003  hot plate withdrawal latencies of non-virus injected C57 controls (Two-way repeated measures ANOVA
1004  with post hoc Tukey’s multiple comparisons test; n=9 mice; sal vs. CNO effect, p=0.32, F(1,8)=1.143,
1005  morphine effect, p<0.0001, F(1,8)=75.02). C. Bilateral AAV-DIO-HM3Dg-mCherry injections in vIPAG
1006  of VGLUT2-cre mice and combinations of systemic CNO (3 mg/kg, i.p.) with intrathecal antagonists and
1007  representative image of viral expression. Scale bar 500 um. D. Left, hot plate withdrawal latencies after
1008  systemic saline or CNO and intrathecal saline, phentolamine (5 pug), or naltrexone (5 ug) (Friedman test
1009  with post hoc Dunn’s multiple comparisons test, n=12 subjects, p<0.0001, Friedman statistic = 26.40).
1010  Right, von Frey mechanical thresholds (Friedman test with post hoc Dunn’s multiple comparisons test,
1011  n=12 subjects, p=0.0001, Friedman statistic = 21.00). E. Representative images of c-Fos
1012  immunohistochemistry in TH-positive LC neurons of vIPAG"“:U"><*::HM3D mice after systemic
1013  injection of saline (top) or CNO (bottom). Right, % of TH-positive LC neurons that colocalize with green
1014  c-Fos signal (5-8 images analyzed per mouse; n= 6 saline, n=5 CNO; saline = 4.8 £ 1.1%, CNO =79.6 +
1015  3.6%, two-sided Mann-Whitney test). Data in each graph reported as mean + SEM.
1016
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1017
1018  Figure 4. Anatomical characterization of inputs to LC from vIPAG and RVM. A. Injection of AAV-

1019  DIO-tdTom in vIPAG of VGLUT2- or VGAT-cre mice. B. Injection site in VGLUT2-cre mouse. C. vIPAG
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1020  glutamatergic terminals (red) in pericoerulear region defined by TH immunohistochemistry (green).
1021  Delineations taken from the Paxinos & Franklin Brain Atlas show that the pericoerulear terminals are
1022  largely targeted to the medial Barrington’s nucleus. D. Injection site in V'GAT-cre mouse. E. vIPAG

1023  GABAergic/glycinergic terminals in pericoerulear region. B-E. Scale bars 300 um. F. Quantification of
1024  red (vIPAG glutamatergic terminals) and green (LC TH immunohistochemistry) pixel intensity in the LC
1025  and pericoerulear region normalized by z-score to account for fluorescence differences between animals
1026  and during imaging (n=6 LC slices from n=3 mice each). G. Same as F for vIPAG

1027  GABAergic/glycinergic terminals. H. Left: injections of AAVretro-cre in LC and AAV-DIO-mCherry in
1028  vIPAG of wild type mice to capture LC-projecting vIPAG neurons. Center: image of mCherry+ vIPAG
1029  neurons captured. Right: resulting terminals captured in LC and RVM. Scale bars 500 um. I. Same as H
1030  for vIPAG neurons that project to RVM. Scale bars 500 um. J. Left: Orthogonal recombinase strategy to
1031  label VIPAG neurons that project to RVM and LC. Center: representative image of mCherry (red) and
1032  YFP (green) viral labeling in vIPAG with neurons co-expressing both fluorophores appearing yellow.
1033  White arrows indicate examples of double labeled neurons. Scale bar 300 um. Right: quantification of
1034  mCherry and YFP labeling in vIPAG. K. Injection of AAV-DIO-tdTom in RVM of VGLUT2- or VGAT-cre
1035  mice. L. Injection site in VGLUT2-cre mouse. M. RVM glutamatergic terminals (red) in LC and

1036  pericoerulear region defined by TH immunohistochemistry (green). N. Injection site in V'GAT-cre mouse.
1037  O.RVM GABAergic/glycinergic terminals in LC and pericoerulear region. L-O. Scale bars 300 um. P.
1038  Quantification of RVM glutamatergic terminals by pixel intensity z-score similar to F (n=6 LC slices from
1039  n=3 mice each). Q. Same as P for RVM GABAergic/glycinergic terminals. R. Quantification of red pixel
1040 intensity normalized by z-score across the dorsal to ventral axis of LC for all four projection origin and
1041  cell type combinations (n=6 LC slices from n=3 mice each). S. Injections of AAVretro-cre in LC and
1042  AAV-DIO-tdTom in RVM of wild type mice to capture LC-projecting RVM neurons. T. tdTom+ RVM
1043  neurons captured. U. Resulting terminals (red) captured in LC (green) and pericoerulear region. Scale bar

1044 300 pm. V. tdTom+ fibers located in bilateral parafascicular nucleus of the thalamus. Scale bar 1mm.
1045
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1047  Figure 5. Electrophysiological characterization of inputs from vIPAG and RVM to LC. A. Top, viral
1048  injection of ChR2 into vIPAG for LC slice electrophysiology. Bottom, representative trace of tonic

1049  spiking before, during, and after a 2 second blue LED stimulus (470 nm, 50x2 ms pulses at 25 Hz, 18
1050 mW). B. Left, firing rate before and during the light stimulus for 20 LC neurons (baseline = 2.4 + 0.4 Hz,
1051  light on=9.1 £ 1.0 Hz; two-sided Wilcoxon matched-pairs signed rank test). Right, recorded neurons
1052  were categorized as “excited” (a z-score of spiking during vs. before light >2), “inhibited” (a z-score of
1053  spiking during vs. before light < -2), or “not modulated.” C. Top, viral injection of ChR2 into RVM for
1054  LCslice electrophysiology. Bottom, representative trace of tonic spiking before, during, and after the blue
1055  LED stimulus. D. Left, firing rate before and during the blue light stimulus for 20 LC neurons (baseline =
1056 2.3 £0.2 Hz, light on = 1.3 £ 0.3 Hz; two-sided Wilcoxon matched-pairs signed rank test). Right,
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1057  categorization of recorded LC neurons as “excited”, “inhibited”, or “not modulated.” E. Left, proportions
1058  of LC neurons in which optically-evoked EPSCs, EPSCs and IPSCs or no evoked currents were present
1059  when stimulating vIPAG terminals (470nm, 1 x 5 ms pulse, 18 mW). Middle, representative example of
1060  oEPSC and oIPSC recorded in a single LC neuron via electrical isolation. Right, peak amplitude of
1061  oEPSCs and oIPSCs driven by vIPAG terminal stimulation (0EPSCs =-177.8 £ 40.6 pA, oIPSCs =-0.52
1062  +£12.7 pA, n=12 neurons). F. Left, proportions of LC neurons in which optically-evoked EPSCs, IPSCs,
1063  both EPSCs and IPSCs or no evoked currents were present when stimulating RVM terminals. Middle,
1064  representative example of oEPSC and oIPSC recorded in a single LC neuron via electrical isolation.
1065  Right, peak amplitude of oEPSCs and oIPSCs driven by RVM terminal stimulation (0EPSCs =-117.7 £
1066  39.9 pA, oIPSCs =466.6 = 79.5 pA, n=12 neurons). G-K. Top, summary bar graphs of oEPSC/IPSC
1067  amplitude. Bottom, representative examples. G. vIPAG-driven oEPSC amplitude before and after bath
1068  application of NBQX (10 uM) (ACSF =-337.1 + 88.0 pA, *NBQX =-4.9 + 4.4 pA; two-sided paired t-
1069  test: t=3.950, n=4 pairs). H. vIPAG-driven oEPSC amplitude before and after bath application of TTX (1
1070  uM) and subsequent application of 4-AP (100 uM) (+TTX =-2.9 + 1.5 pA, +TTX & 4-AP=-288.5 +
1071  98.4 pA; two-sided paired t-test: t=2.926, n=>5 pairs). I. RVM-driven olPSC amplitude before and after
1072  Dbath application of GABAzine (20 uM) and additional application of strychnine (10 uM) (ACSF = 636.3
1073  +154.9 pA, +GABAzine = 286.6 + 100.8 pA, +GABAzine & strychnine = -2.5 + 1.7 pA; Repeated
1074  Measures One-way ANOVA with Dunnett’s multiple comparisons test, p=0.013, F(1.087,4.348)=16.32,
1075  n=5 cells). J. RVM-driven oIPSC amplitude before and after bath application of TTX (1 uM) and

1076  subsequent application of 4-AP (100 uM) (+TTX =13.1 £ 9.8 pA, +TTX & 4-AP =443.9 + 164.6 pA,;
1077  two-sided Wilcoxon matched-pairs signed rank test, n=6 pairs). K. RVM-driven olPSC amplitude before
1078  and after bath application of NBQX (10 uM) + CPP (10 uM) (ACSF = 309.6 + 36.1 pA, +NBQX/CPP =
1079  207.6 + 35.8 pA; two-sided paired t-test: t=6.976, n=7 pairs). L. Top, example traces of RVM oIPSCs
1080  (blue) and vIPAG oEPSCs (red) before and after bath application of DAMGO (1 uM; black). Bottom,
1081  opioid sensitivity reported as % suppression of amplitude by DAMGO (RVM oIPSC =47.6 + 7.0%, PAG
1082 oEPSC = 11.4 £+ 4.2%; two-sided unpaired t-test: t=3.785, n=8 RVM IPSC, n=5 PAG EPSC). All

1083  summary data reported as mean + SEM.

1084
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1085
1086  Figure 6. Pathway specific modulation of vIPAG and RVM terminals in LC modulates nociceptive

1087  behavior. A. Left: cannula placement over bilateral LC of uninjected C57 control mice. Right: hot plate
1088  withdrawal latencies of control mice microinfused in LC with saline (150nl) vs. CNO (3 uM 150nl)

1089  without (light grey) and with 5 mg/kg morphine, s.c. (dark grey; Two-way repeated measures ANOVA
1090  with post hoc Tukey’s multiple comparisons test; n=8 mice; sal vs. CNO effect, p=0.4178, F(1,7)=0.7412,
1091  morphine effect, p=0.0001, F(1,7)=57.98; morphine x CNO interaction, p=0.58, F(1,7)=0.3434). B. Left:
1092  viral injection of AAV-DIO-HM4Di-mCherry in bilateral vIPAG of VGLUT2-cre mice with cannula

1093  placement over bilateral LC. Right: hot plate withdrawal latencies after microinfusion with saline vs.
1094  CNO without (light green) and with 5Sm/kg morphine, s.c. (dark green; Two-way repeated measures

1095  ANOVA with post hoc Sidak’s multiple comparisons test; n=12 mice; sal vs. CNO effect, p=0.0022,
1096  F(1,11)=15.72, morphine effect, p=0.0003, F(1,11)=27.60; morphine x CNO interaction, p=0.0106,

1097  F(1,11)=9.456). C. Left: viral injection of AAV-DIO-HM4Di-mCherry in bilateral RVM of VGAT-cre
1098  mice with cannula placement over bilateral LC. Right: hot plate withdrawal latencies after microinfusion
1099  of saline vs. CNO (blue bars n=12 mice), microinfusion of CNO with intrathecal injections of saline vs.
1100  phentolamine (5ug, light blue bars, n=9 mice), and microinfusion of saline vs. CNO with 5 mg/kg

1101  morphine, s.c. (dark blue, n=12 mice; Mixed effects analysis with matching across row and post hoc
1102  Tukey’s multiple comparisons test, p<0.0001, F(2.560,25.09)=27.36). D. Circuit diagram of DPMS inputs
1103  to LC and their opioid sensitivity. Data in each graph reported as mean + SEM.
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1107  Figure S1. MORs in LC are not responsible for morphine induced activity changes or behavior. A.
1108  Top: 10 mg/kg, s.c. morphine injections in DBH-cre::Oprm ™" mice and control Oprm I’ littermates.
1109  Bottom: Representative images of morphine-induced c-Fos expression (green) and immunhistochemical
1110 TH LC labeling (red). B. Percentage of TH+ LC neurons that colocalize with green c-Fos signal (5-8
1111  images analyzed per mouse; n=10 DBH-cre::Oprm ™" n=12 Oprm""; DBH-cre::OprmI"" = 77.6 +
1112 3.5%, Oprm1""=72.7 + 3.5%; p=0.38, two-sided Mann-Whitney test). C. Hot plate withdrawal latencies
1113 compared between DBH-cre::Oprm ™" and Oprm "' littermates at 0, 5, and 10 mg/kg doses of morphine,
1114  s.c. (Mixed effects analysis with post hoc Sidak’s multiple comparisons test; baseline n=18 DBH-

1115  cre::OprmI™' n=18 Oprm ™", 5 mg/kg morphine n=13 DBH-cre::Oprm """ n=11 Oprm ™", 10 mg/kg
1116  morphine n=9 DBH-cre::Oprm ™", n=11 Oprm ""; morphine dose effect, p<0.0001, F(1.261,

1117  25.22)=50.93; genotype effect, p=0.835, F(1,34)=0.044; morphine dose x genotype interaction, p=0.88,
1118  F(2,40)=0.1283). D. Representative images of fluorescent in situ hybridization of LC with probes against
1119  TH (green) and OPRM] (red). E. Quantification of the percentage of TH+ LC neurons that express

1120  OPRM]1 transcripts.
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Figure S2. LC ablation or silencing does not affect baseline anxiety behavior or locomotion on the
elevated plus maze. A. Left: percentage of time spent in different sections of the elevated plus maze
(EPM) during a 20 minute session in DBH-cre::tdTom and control 7dTom mice injected with AAV-DIO-
Casp3 (same cohort that underwent hot plate and pin prick behavior in Figure 2F; Two-way repeated
measures ANOVA with post hoc Sidak’s multiple comparisons test; n=11 DBH-cre mice, n=15 control;
genotype effect, p=0.489, F(1,24)=0.4934). Right: distance traveled during the 20-minute EPM session
(two-sided Mann-Whitney test). B. Same as in A, but for AAV-DIO-Kir2.1-zsGreen-injected mice from
Figure 2J-K. Left: Two-way repeated measures ANOVA with post hoc Sidak’s multiple comparisons test;
n=12 DBH-cre mice, n=13 control; genotype effect, p=0.386, F(1,23)=0.7797. Right: two-sided Mann-
Whitney test.
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1136  Figure S3. Chemogenetic PAG activation leads to decreased locomotion that can be decoupled from
1137  antinociception. A. Distance traveled (m) during a 30-minute open field session after systemic injection
1138  of saline or CNO (3 mg/kg, i.p.) with intrathecal saline, phentolamine (5 pg), or naltrexone (5 pg) in
1139  vIPAGYOMUTZe®::HM3D mice (Repeated measures one-way ANOVA with post hoc Tukey’s multiple
1140  comparisons test, p<0.0001, F(2.467, 12.33)=392.1). B. LC c-Fos expression induced by 3 mg/kg, i.p.
1141  CNO injection in uninjected wild type mice expressed as % TH+ LC neurons that colocalize with c-Fos.

1142  Dashed lines represent the average c-Fos induction by CNO and saline in the LC of vIPAGYSVT-
1143  “*“::HM3D mice in Figure 3E.
1144
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1147  Figure S4. vIPAG sends GABAergic projections to RVM. A. Representative image of glutamatergic
1148  terminals in RVM (red) of a VGLUT2-cre mouse injected in VIPAG with AAV-DIO-tdTom. Scale bar 300
1149  um. B. Representative image of GABAergic/glycinergic terminals in RVM (red) of a VGAT-cre mouse
1150 injected in VIPAG with AAV-DIO-tdTom. Scale bar 300 um. C. Representative image of results from the
1151  retro-FISH method depicting VIPAG with colocalization of retrobeads from RVM (green) and GAD1/2
1152  transcripts (white) within a single neuron, as well as nearby neurons expressing VGLUT1/2 transcripts
1153  (red). Scale bar 10 um. D. Quantification of VGLUT1/2 and GAD1/2 expression within retrobead-labeled
1154  vIPAG neurons.
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1158  Figure S5. Inhibition of RVM GABAergic neurons does not affect baseline pain behavior or

1159  morphine antinociception. A. Viral injections of AAV-DIO-HM4Di-mCherry into bilateral RVM of
1160 VGAT-cre mice. B. Hot plate withdrawal latencies of RVM"“"<*:: HM4D mice administered 3 mg/kg
1161  CNO, i.p. vs. saline without (light blue) and with 5 mg/kg morphine, s.c. (dark blue bars, Two-way

1162  repeated measures ANOVA with post hoc Tukey’s multiple comparisons test; n=12 mice; saline vs. CNO
1163  effect, p=0.725, F(1,11)=0.1307, morphine effect, p<0.0001, F(1,11)=36.62, morphine x CNO interaction,
1164  p=0.60, F(1,11)=0.2897).
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