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SUMMARY

Response to danger needs to be rapid and appro-
priate. In humans, nocifensive behaviors often pre-
cede conscious pain perception. Much is known
about local spinal cord circuits for simple reflexive
responses, but the mechanisms underlying more
complex behaviors remain poorly understood. We
nowdescribe abrainstemcircuit that controls escape
responses to select noxious stimuli. Tracing experi-
ments characterized a highly interconnected excit-
atory circuit involving the dorsal spinal cord, parabra-
chial nucleus (PBNl), and reticular formation (MdD).
A combination of chemogenetic, optogenetic, and
genetic ablation approaches revealed that PBNlTac1

neurons are activated by noxious stimuli and trigger
robust escape responses to heat through connec-
tions to the MdD. Remarkably, MdDTac1 neurons
receive excitatory input from the PBN and target
both the spinal cord andPBN; activationof theseneu-
rons phenocopies the behavioral effects of PBNlTac1

neuron stimulation. These findings identify a sub-
strate for controlling appropriate behavioral re-
sponses to painful stimuli.

INTRODUCTION

Exposure to noxious stimuli can elicit a wide range of nocifen-

sive behaviors, from reflexive withdrawal to more complex af-

fective-motivational responses and efforts to alleviate or avoid

pain. For example, standing barefoot on the beach on a hot

day may be enjoyable. But as the sensation of the heat grows

more intense, our responses quickly escalate from alternating

lifting of feet to hopping and eventually running toward the wa-

ter for relief. A similar sequence of events is seen experimentally

in animals when they are placed on a heated surface (known as

the hot plate test), suggesting these behavioral responses are

conserved.

The lateral division of the parabrachial nucleus (PBNl) is often

thought of as the gateway through which information about aver-

sive stimuli reaches the brain from the periphery and spinal cord

(Palmiter, 2018). Recordings in anesthetized rats or more recent

calcium imaging studies in awake behaving mice confirm neu-
rons in the PBNl respond to a wide range of noxious stimuli (Ber-

nard and Besson, 1990; Bester et al., 1995; Campos et al., 2018;

Menendez et al., 1996; Mu et al., 2017). In turn, the PBNl projects

to a large number of brain regions including the hypothalamus,

amygdala, thalamus, insular cortex, and periaqueductal gray,

consistent with roles in a range of emotional, motivational, and

homeostatic responses to noxious stimuli (Alden et al., 1994;

Krukoff et al., 1993; Saper and Loewy, 1980). In terms of pain

sensation, recent studies have shown that a subset of PBNl neu-

rons that express the neuropeptide calcitonin gene-related pep-

tide (CGRP) project to the central nucleus of the amygdala (CeA)

and are important for learning from painful foot shock (Han et al.,

2015), responses to visceral malaise (Carter et al., 2013, 2015),

and scratching in response to pruritogens (Campos et al.,

2018). However, CGRP neurons make up a small fraction of neu-

rons in the PBNl and the function of other neural populations in

this region for pain-related responses has not been explored.

Interestingly, experiments on decerebrated cats (Whelan,

1996) and rodents (Woolf, 1984) have shown escape-like re-

sponses to noxious stimuli persist in the absence of the fore-

brain. These findings implicate supra-spinal hindbrain circuits

in the pons and/or medulla as necessary and sufficient for the

expression of certain coordinated nocifensive behaviors. How-

ever, the underlying neural substrates remain unknown. We

now show the PBNl is required for coordinated nocifensive reac-

tions even in the absence of its targets in the amygdala, thal-

amus, hypothalamus, and insular cortex. Instead, both normal

and sensitized behavioral responses to noxious heat are medi-

ated by a small group of Tachykinin1 (Tac1)-positive neurons

in PBNl that receive monosynpatic input from dorsal spinal

cord and make excitatory connections with the dorsal reticular

formation in the medulla (MdD). Remarkably, target cells in the

MdD also express Tac1, are pronociceptive, and project to the

dorsal spinal cord and PBNl. These data reveal an excitatory

feedforward Tac1 spinal-brainstem-spinal circuit underlying

the generation of heightened pain responses.
RESULTS

Decerebration in Mice Preserves Supraspinal Pain
Reflexes
To start to explore the supraspinal circuits important for coordi-

nated nocifensive behavior, we compared the responses of

control mice with those that had either undergone pre-mammil-

lary decerebration (Meehan et al., 2017) or had thoracic spinal
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Figure 1. PBNl Is Required for Motor Responses to Noxious Heat in the Absence of the Forebrain

(A) In the Hargreaves test, a radiant heat source is focused on one hindpaw and the latency to withdraw is recorded. Decerebrated and spinalized mice display

similar withdrawal response to noxious heat as in controls (n = 6).

(B) Hot plate testing was performed in a chamber at 52�C for 60 s. Normally, mice exhibit escape-like behaviors (jumping) when placed on the hot surface for

longer than 30 s. Quantification of the number of times a mouse attempted to jump shows the brainstem, but not the forebrain, is required for this type of

response (n = 6).

(C) Exposure to noxious temperature results in Fos induction in the PBNl in the absence of forebrain connections, indicating this noxious stimulus increases

activity in this region. Immunohistochemistry of coronal sections from decerebrated mice exposed to warm temperature (32�C) reveals very low levels of Fos.

In contrast, exposure to noxious heat (52�C; right) results in a dramatic increase as Fos staining. Representative image of findings from 3 mice per condition.

(D) Post hoc examination of each brain was used to confirm the location and completeness of the decerebration procedure as shown by a representative image of

decerebrated brain.

(E and F) The induction of Fos expression in the PBNl requires excitatory inputs. Quantification of labeled cells shows that the induction of Fos after the 52�C hot

plate is greatly attenuated (E, right) by prior stereotactic injection of the AMPA receptor antagonist NBQX (left panel shows the limit of injection spread labeled by

simultaneously injecting FITC) into the PBNl (Student’s t test, ***p % 0.001, n = 7 sections from 3 mice) in decerebrated mice (F).

(G) Stereotaxic injection of NBQX into the PBNl of decerebrated mice reduces jumping behavior in the hot plate test (7 ± 1.06 compared to 1.8 ± 1.4 jumps,

respectively; Student’s t test, *p % 0.05, n = 6 mice), demonstrating excitatory input to this brainstem region is required for the response.

Please cite this article in press as: Barik et al., A Brainstem-Spinal Circuit Controlling Nocifensive Behavior, Neuron (2018), https://doi.org/10.1016/
j.neuron.2018.10.037
transections in addition to decerebration (Fong et al., 2005). Two

different types of noxious heat behavioral paradigms were used

to differentiate between spinal and supraspinal responses

(Corder et al., 2017; Espejo andMir, 1993; Hammond, 1989; Har-

greaves et al., 1988). The first test involved acute radiant heat

focused on the hindpaw (the Hargreaves test), which evokes a

spinally mediated reflex. The second test examined escape

behaviors elicited by prolonged exposure to a hot plate. As

expected, all groups withdrew their hindlimb from the radiant

heat with similar latencies (Figure 1A). On the other hand, only

the control and decerebrated mice attempted escape and pro-

tective behaviors, specifically jumping, when placed on a plat-

form set to 52�C for a minute (hot plate test) (Figure 1B). These

results show that the necessary neural circuitry for jumping in

response to noxious heat is contained within the brainstem

and spinal cord of mice, consistent with previous studies in other

animals (Woolf, 1984).

A major axonal target of the spinal projection neurons that

respond to noxious stimuli is the PBNl (Todd, 2010). Histological

examination of the brainstems from the decerebrated animals
2 Neuron 100, 1–13, December 19, 2018
confirmed that exposure to noxious heat results in a significant

elevation of activity in the PBNl as measured by increases in

the number of cells positive for the immediate early gene c-Fos

(Figure 1C). Intriguingly, blocking excitatory input to the PBNl

in decerebrated mice, via bilateral infusion of the AMPA receptor

antagonist NBQX (Nikam and Kornberg, 2001), not only

decreased the induction of Fos in response to a hot plate set

at 52�C (Figures 1D–1F), but also reduced jumping behavior in

the hot plate test (Figure 1G). The limited labeling seen in control

injections of the low molecular weight florescent tracer FITC

suggested that the NBQX acted locally within the parabrachial

nucleus to reduce pain responses (Figure 1E). Thus, excitation

of PBNl neurons is critically important for brainstem-mediated

nocifensive responses to noxious heat in decerebrated mice.

ASubset of PBNl NeuronsMakeDescending Projections
to the MdD
We reasoned that the persistence of PBNl-dependent escape

behaviors after decerebration means that neurons in the PBN

mediate nocifensive responses through connections to the



Figure 2. PBNlTac1 Neurons Project to MdD

(A) PBNl neurons can be subdivided based on their differential gene expression. Multiplexed in situ hybridization for neuropeptide genes (red, tac1; green, top,

nts1; bottom, calca1; gray, top, pdyn; bottom, nts1) shows distinct distribution of distinct cell populations in the lateral external (PBNl). White arrows in the inset

points to tac1 cells that do not co-localize with other markers. Representative image of findings from 2 mice per experiment.

(B) Unilateral (left PBNl) stereotaxic injection of AAV-CAG-Flex-tdTomato (red) in a panel of Cre lines reveals the projections of select neuropeptide-expressing

neurons residing in the PBN: Tac1-Cre (left panel), Nts1-Cre (middle panel), and Pdyn-Cremice (right panel). In each case, histological examination of the injection

site confirmed TdT-positive cell bodies were restricted to PBNl (top panels; see also Figure S2). Notably, descending projections were only found in PBNlTac1-TdT

mice that appeared to terminate in the reticular formation (MdD; bottom panels). Representative image of findings from more than 3 mice per condition. PBNl,

lateral parabrachial nucleus; SCP, superior cerebellar peduncle; MdD, medullary reticular nucleus, dorsal; Md(V), ventral; SPVI spinal trigeminal nucleus, caudal

part; CC, central canal.
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brainstem or spinal cord. We therefore carried out anatomical

tracing studies to identify regions targeted by PBN neurons.

The majority of neurons in the PBNl express excitatory neuron

marker Vglut2 (Mu et al., 2017), allowing us to use a Cre-depen-

dent viral labeling strategy to visualize the brain-wide projections

from this region. Stereotaxic injection of CAG-Flex-tdTomato

into the PBNl of Vglut2Cre mice resulted in labeled axons in the

forebrain (PVH, CEA, AIP, and VPMpc) and midbrain (PAG),

consistent with previous studies (Alden et al., 1994; Krukoff

et al., 1993; Saper and Loewy, 1980) (Table S1). Notably, there

was also strong axonal labeling that appeared to terminate in

the reticular formation in the brainstem (MdD; Table S1), showing

PBNl neurons also make descending projections (Geerling

et al., 2017).

Examination of the Allen Brain Atlas indicated that PBNl neu-

rons are heterogeneous in terms of gene expression. RNAscope

experiments confirmed that neuropeptide genes label small

clusters of neurons in the PBNl (Figures 2A and S1). We therefore

used anterograde Cre-dependent viral tracing from a panel

of knockin mice that included Tac1Cre, Nts1Cre, CalcaCre-ert2,

and PdynCre strains to determine the sites of projections for

each of these PBNl populations. As expected, ascending projec-

tions to the forebrain were observed in all four lines (see Table S1

for projections patterns of these and other lines marking PBNl

neurons). Notably, only Tac1-positive PBNl neurons targeted

the brainstem with prominent labeling of the MdD (Figures 2B

and S2A–S2D). We confirmed that the PBNlTac1 neurons have

terminal specializations in the MdD (Figure S2E) using

Cre-dependent expression of a pre-synaptic fluorescent marker

(Syb2GFP). Thus, only PBNlTac1 neurons make connections
that seem suited to mediate brainstem-dependent jumping in

response to noxious heat.

PBNlTac1 Neurons Promote Rapid Escape in Response to
Noxious Stimuli
To examine the role of PBNlTac1 neurons in somatosensory

signaling, we tested how activation of these neurons affected

behavioral responses to a range of sensory stimuli. We used ste-

reotaxic injection of AAV to target expression of the Gq-coupled

DREADD hM3Dq (Alexander et al., 2009; Krashes et al., 2011) to

PBNlTac1 neurons. At baseline, chemogenetic activation of

PBNlTac1-hM3Dq with CNO (Figures 3A and 3B) did not directly

elicit spontaneous nocifensive, depressive, or anxiety-like be-

haviors (Figure S3F). Moreover, baseline spinal reflexes to heat

(Figure 3C) and cold (Figure S3E) were no different from controls.

CNO-treated mice exhibited normal preferences on thermal

gradient (Figure S3C). Similarly, the hot plate temperature

threshold (Figure S3F) was indistinguishable from controls. We

did not find evidence that stimulation of PBNlTac1 affected gen-

eral locomotion or anxiety in open field tests (Figure S3G).

CNO activation of PBNlTac1 did not result in spontaneous

scratching or increase the frequency of scratching bouts in

response to chloroquine injected in the nape of the neck (Fig-

ure S3H). Thus, PBNlTac1 neurons seem to have surprisingly little

effect on normal baseline responses to a range of acute somato-

sensory stimuli. Strikingly, however, we observed dramatically

different results when mice were placed on the hot plate set to

a noxious temperature (55�C). Normally, mice go through a

sequence of escalating behaviors on the hot plate that begin

with paw lifting after a short latency (<10 s), evolving into paw
Neuron 100, 1–13, December 19, 2018 3



Figure 3. Chemogenetic Activation of PBNlTac1 Promotes Escape-like Jumping Behavior

(A) Representative image of bilateral PBNl stereotaxic injection (red) of AAV-Flex-HM3Dq-mCherry in Tac-Cre mice showing the restricted expression of the

excitatory DREADD to a subset on PBNl neurons from 6 mice.

(B) CNO administration (right panel), but not saline (left panel), evokes Fos expression (green) in virally labeled PBNlTac1 neurons.

(C) CNO administration results in immediate and robust jumping behavior on hot plate (55�C for 30 s; mice do not attempt to escape or jump under these

conditions, as seen in the saline-treated animals) in PBNlTac1-hM3Dq mice. PBNlTac1-hM3Dq jumped 7.8 ± 1.6 times after CNO compared to 0.22 ± 0.14 after saline;

Student’s t test, ***p% 0.001, n = 9mice (left panel). Note that after CNO there is less licking since themice are jumping instead (middle panel). Furthermore, CNO

administration had no noticeable effect on spinal reflexes as measured by the Hargreaves test (right panel).

(D–F) The heightened jumping behavior was specific to Tac1-Cre mice, as chemogenetic activation in Pdyn-Cre (D), Nts1-Cre (E), and Calca-CreErt2 (F) had no

measurable effect in this test. Notably, injections in these other mouse lines also mark neurons in the PBNl as expected, but in these mice we do not observe

labeled projections to the MdD.

(G) To more precisely control nociceptor activation and stimulus delivery, we developed an optogenetic alternative to the Hargreaves and hot plate test. Mice

were generated that expressed channelrhodopsin in the majority of peptidergic nociceptors (Tac1-Cre; Ai27). Optogenetic excitation of plantar sensory nerve

terminals of these animals (STAR Methods) resulted in Fos induction (green) in superficial layers (bottom panel, white arrowheads) co-localizing with

tdTomato (from Tac1 sensory neurons) of the dorsal spinal cord, confirming the efficacy of our approach. Representative image of findings from 4 mice per

condition.

(H and I) To co-activate nociceptors and PBN neurons, we combined optogenetic activation in the periphery with chemogenetic activation in the brainstem. PBNl

of Tac1-Cre; Ai27 animals was bilaterally injected with AAV-Flex-hM3dq-mCherry (PBNlTac1-hM3Dq; Ai27), which allowed simultaneous optical excitation of

sensory terminals in skin and chemogenetic activation of PBNlTac1 neurons. Mice were tested either with intraperitoneal saline or CNO during either focused

illumination of the hind paw with a fiber optic (H) or field stimulation with an LED floor (I). Optogenetic stimulation of plantar nerve terminals via a fiber-attached

LED evoked rapid flinching that was not affected by CNO administration (10 trials per animal, 4 mice) (H). However, when mice were placed in the chamber with

full-floor stimulation, CNO dramatically altered the behavioral response (5 trials per animal). Normally, a single pulse of LED floor stimulation resulted in a rapid

flinch-like response. In striking contrast, the same mice immediately jumped after CNO administration to the identical stimulation protocol (one-way ANOVA,

****p % 0.0001, n = 5 mice). Thus, activation of PBNlTac1 neurons converts a mild nocifensive reflex into a coordinated heightened escape-like response (I).

4 Neuron 100, 1–13, December 19, 2018
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licking (<30 s) and ultimately jumping (Video S1). Because we

limited hot plate exposure to 30 s, jumping was rarely observed

in control animals (Figure 3C; Video S1). In contrast, CNO admin-

istration in PBNlTac1-hM3Dq mice resulted in immediate, robust,

and repetitive jumping behavior in response to the heat stimula-

tion that bypassed the more moderate aversive responses (Fig-

ures 3C and S4B; Video S1). Noticeably, CNO-treated mice

spent almost the entire time jumping, resulting in a concomitant

decrease in their licking behavior. Such a pronounced jumping

phenotype was not observed in any other strain, including after

chemogenetic activation of PBNlPdyn-hM3Dq, PBNlNts-hM3Dq, or

PBNlCalca-hM3Dq neurons (Figures 3D–3F). Furthermore, the

same immediate jumping phenotype was observed when the

hot plate test was combined with direct optogenetic stimulation

of PBNlTac1 neurons expressing Cre-dependent ChR2, confirm-

ing that activity in these neurons is sufficient to drive the height-

ened behavioral response (Figures S4C and S4D).

In order to have better control over the timing of stimulus de-

livery, we took advantage of the fact that Tac1 is also expressed

in peptidergic nociceptors (Browne et al., 2017; Nguyen et al.,

2017). First, we generated mice where channelrhodopsin was

expressed in all Tac1 cells by crossing Tac1-Cre into a Cre-

dependent ChR2 (Ai27) background. Next, we expressed

hM3Dq in the PBNlTac1 neurons by stereotaxic injection (Figures

3G–3I). In these mice, optogenetic simulation of the skin selec-

tively activates cutaneous nociceptors whereas CNO admin-

istration only affects PBNlTac1 neurons. As expected, optical

excitation of sensory Tac1 neurons innervating the paw with

blue light delivered by a fiber-coupled LED resulted in Fos

expression in the superficial layers of spinal cord dorsal horn

(Figure 3G) and reflexive withdrawals like those observed in the

Hargreaves test (Figure 3H). Similarly, brief exposure to blue light

from an LED floor resulted in a transient flinch response, but not

jumping (Figure 3I; Video S2). Remarkably, 60 min after these

mice received CNO, their responses were transformed. Now

blue light from the floor immediately evoked jumping (Figure 3I;

Video S2). Taken together, these results demonstrate that activ-

ity of Tac1 neurons in the PBN dramatically affect behavioral

responses evoked by widespread activation of peripheral noci-

ceptors, changing a modest reflexive withdrawal into a much

stronger jumping-type escape response.

PBNlTac1 Neurons Function in Acute and
Inflammatory Pain
Injury and/or inflammation dramatically affects behavioral re-

sponses to noxious stimuli, including heat (Dubuisson and Den-

nis, 1977; Holton, 1959). Given that stimulation of PBNlTac1

causes an analogous change in behavior (Figure 3C), we

reasoned that activity of the PBNlTac1 neurons might mediate

some of the injury-induced changes. To test this hypothesis,

we selectively ablated PBNlTac1 neurons using bilateral Cre-

dependent expression of diphtheria toxin (DTA) (Wu et al.,

2014) and compared behavioral responses before and after

inflammation (Figures 4A, S6A, and S6B).

At baseline, mice lacking PBNlTac1 neurons displayed normal

responses to noxious heat (Figures 4B and S6G). These included

spinal reflexes, normal escalating responses to hotplate expo-

sure during 30 s, and preference on a thermal gradient. We
next examined responses to heat after injection of ATP that sen-

sitizes neurons through activation of purinergic receptors (Fig-

ures S6C and S6D). Control mice with intact PBNlTac1 neurons

exhibited reduced response latency and heightened jumping

(Figures 4C and S6E). In contrast, the mice with DTA-mediated

ablation of PBNlTac1 neurons showed no enhanced jumping

behavior (Figure 4C), although, as expected, response latency

(a measure of the spinal reflex) was shorter (Figure S6F). These

findings validate the PBNlTac1 neurons as essential for enhanced

pain responses to noxious stimuli following acute inflammation.

Intraplantar injection of formalin provides more potent and

longer lasting sensitization than ATP; after formalin injection,

mice exhibit two distinct phases of pain response (Dubuisson

and Dennis, 1977). During Phase I, the mice repeatedly lick the

injected paw for a few minutes. After this, mice transiently return

to normal behavior, but then a second, more persistent phase of

nocifensive reactions including vigorous paw licking ensues (Fig-

ures 4F and 4G). To further explore the function of PBNlTac1 neu-

rons in controlling pain responses, we next studied the effects of

intraplantar formalin injection on activity of these neurons and

the role of such activity on behavioral responses. Formalin injec-

tion resulted in pronounced activation of PBNlTac1 neurons as

shown by Fos expression (Figure 4D). Ablation of PBNlTac1 neu-

rons had no effect on the first phase of the formalin response

(Figure 4G) but markedly attenuated nocifensive behavior (paw

licking) in the second phase (Figure 4G). Thus, PBNlTac1 neurons

are not just involved in controlling jumping and escape re-

sponses but also play a crucial role in other select nocifensive

behaviors.

PBNlTac1 NeuronsReceive aRange of Inputs that Include
Dorsal Spinal Cord
The parabrachial nucleus receives input from the spinal cord and

other brain areas that have been implicated in modulating pain

responses (Rodriguez et al., 2017; Todd, 2010). Given their

importance in nocifensive behavior, we predicted PBNlTac1 neu-

rons are likely to be a direct target of spinal projection neurons,

and used rabies-mediated retrogrademonosynaptic tracing (Ko-

hara et al., 2014; Wickersham et al., 2007) to test if this was in

fact the case (Figure S5A). Our data (Figures S5B and S5C) re-

vealed that when PBNlTac1 neurons were used as starter cells,

neurons in the superficial spinal cord were labeled. Neurons in

the spinal trigeminal nucleus (the projection neurons of the tri-

geminal system) also provide mono-synaptic input to PBNlTac1

cells. This input is highly selective as no labeled cells were de-

tected in several other brain regions known to project to the

PBNl, including hypothalamus, trigeminal ganglia, BNST, and

nucleus tractus solitarius (Alhadeff et al., 2018; Rodriguez

et al., 2017). Intriguingly, however, rabies tracing demonstrated

that in addition to sensory input, PBNlTac1 neurons also receive

projections from their two primary anterograde targets—the

MdD and CeA (Figures S5B and S5C).

Brain-wide Chemogenetic Mapping Reveals MdD as a
Major Target of PBNlTac1 Neuron Activity
In situ hybridization and anterograde tracing data (Figures 2 and

S2; Table S1) demonstrate that PBNlTac1 neurons send excitatory

projections to many regions of the brain, suggesting they are
Neuron 100, 1–13, December 19, 2018 5



Figure 4. Heightened Responses to Inflammation Require PBNlTac1 Neurons

(A) Cre-dependent DTA expression efficiently reduced Tac1 expression (red; stars on the right) relative to the other excitatory neurons in the PBNl as marked by

Vglut2 (green) and control mice (left side; arrowheads). The number of Tac1-positive cells/section was reduced from 41.33 ± 2 to 8.22 ± 1.03; Student’s t test,

****p % 0.0001, n = 9 sections from 6 animals.

(B) Neither wild-type nor DTA-treated mice jump on the hot plate test at 55�C within 30 s. The graph shows the number of jumps on the hot plate test for each

mouse tested (left panel, n = 7 mice). The latency to react was unaltered in the Hargreaves test (right panel, n = 7 mice).

(C) Acute inflammation via intraplantar injection of ATP increases jumping in the hot plate in control PBNlTac1-mCherry mice. In contrast, mice depleted of Tac1

neurons in the PBNL (PBNlTac1-DTA) no longer exhibit the heightened jumping on the hot plate after ATP exposure. Intra-plantar injections were saline (30 mL) or

ATP injections (30 mL of 100 mM) (one-way ANOVA with Tukey’s multiple comparisons, ***p % 0.001, ****p % 0.0005, n = 6, 9 mice, respectively).

(D) In addition to noxious heat and capsaicin, Fos (green) expression is also elevated in the PBNlTac1-mCherry cells (red) after exposure to intraplantar formalin (lower

panel). Quantification of Fos induction by formalin versus saline is shown in right graph; Student’s t test, ****p % 0.0001, n = 10 sections from 4 mice.

(E) Diagram for experimental strategy for formalin test.

(F) Schema depicting the two phases of paw lick behavior typically observed after intraplantar formalin injection.

(G) Tac1 neuronsmodulate responses to formalin. The duration of time spent licking/attending to the injected paw is quantified in 5-min bins over the course of an

hour. Quantifications for paw licks in response to formalin show that PBNlTac1 function is involved in the second, but not the first, phase of the formalin response.

Note the long-lasting and significant attenuation of responses in the mice depleted of Tac1-expressing neurons in the PBNl as compared to the controls.

Student’s t test for pairs of data for each 5 min period, *p % 0.05, ***p % 0.001, ****p % 0.0001, n = 7 mice.
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capable of engaging a complex neural network. We reasoned

that Fos labeling after chemogenetic activation of PBNlTac1 neu-

rons would be a useful tool for determining the extent of their

influence on activity. We therefore used iDISCO (Renier et al.,

2014, 2016) to clear and stainwhole brains ofmice after unilateral

activation of PBNlTac1 neurons expressing hM3Dq (Figures 5A

and 5B). As expected, CNO administration resulted in robust

Fos induction in the PBNl on the side ipsilateral to the injection
6 Neuron 100, 1–13, December 19, 2018
that was not seen in saline controls or on the contralateral side

(Figure 5B, left panel). In addition, induction of Fos was observed

in all areas targeted by PBNlTac1 axons. For example, there was

unilateral activation of the CeA (Figure 5B, middle panel),

completely consistent with the ipsilateral projection of the PBNl

to this region (Figure S2B). Notably, as expected from our

anatomical tracing and behavioral results (Figures S4A–S4D),

Fos induction was observed bilaterally throughout the MdD



Figure 5. Anatomical Segregation of PBNlTac1 Neurons Innervating the CeA and MdD
(A and B) To reveal the areas activated downstream of PBNlTac1 neurons, we adopted a chemogenetic assisted brain-wide mapping strategy based on the Cre-

dependent expression of hM3Dq after stereotaxic injection. CNO injection was used to activate PBNlTac1 neurons expressing DREADDs. Afterward, whole brains

were harvested, stained, and cleared with a Fos antibody using IDISCO, and imaged with a light sheet microscope. The imaged brains from saline-injected

controls (top) and CNO-injected animals (bottom) are reconstructed in 3D and compared with a reference atlas (Allen Brain Atlas). Representative image of

coronal projections shows CNO treatment resulted in induction of Fos at the site of hM3Dq expression (PBNl, bottom left) that was not seen in controls (top left).

Increased Fos expression was also found in the CeA (middle images) and the MdD (right images), confirming these locations as two of the primary sites

downstream of PBNlTac1 neurons. Note that other areas not directly targeted by PBNlTac1 neurons are also seen, including the zona incerta (ZI) (middle image,

bottom). Representative image of findings from 4 mice per condition.

(C) Green-Retrobeads (Green-Rb) and Red-Rb were stereotaxically delivered in the CeA andMdD, respectively, in wild-typemice. Retrograde transport of Rbs to

the PBN from the projection sites at distinct rostral (�5.00mm from bregma) and caudal coordinates (�5.5 mm from bregma). Note that the neurons labeled from

injecting the retrobeads into the CeA are distinct neurons from those labeled by injections in the MdD as indicated by red/green double-labeled cells.

Furthermore, the red and green labeled cells are located at different positions along the anterior/posterior axis. Representative image of findings from 3 mice per

condition.

(D) AAV-Flex-mCherry (PBNlTac1-mCherry) (red) expression at both rostral and caudal brain coordinates. ZI, zona incerta. Representative image of findings from 4

mice per condition.
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(Figure 5B, right panel), confirming the MdD as an important

downstream target of the PBNlTac1 neurons.

Distinct Subtypes of PBNlTac1 Neurons Project to MdD
and CeA
To test whether PBNlTac1 neurons connected to the MdD are

anatomically distinct from those targeting the forebrain, we in-

jected retrogradely transported beads of different colors (Fig-

ure 5C) in the two areas most densely targeted by PBNlTac1

axons, CeA and MdD (Figures 2B and S2B). Our data (Figures

5C and 5D) show that projections to CeA (green) and MdD (red)

arise from anatomically distinct sites in the Tac1-expressing re-

gion of the PBNl. Neurons in the PBNl with projections to the

MdD were more caudal than those projecting to the CeA, and,
importantly, we never found cell bodies co-labeled with both

colors (Figure 5C). These findings strongly suggest that PBNlTac1

neurons project to either the CeA or MdD, but not both. We next

adopted a combinatorial genetic approach to confirm the speci-

ficity of PBNlTac1 projections to these two sites. In essence,we in-

jected an AAV vector encoding a Flp-dependent histological

marker into the PBNl of Tac1-Cre mice and injected a retrograde

vector encoding a Cre-dependent Flp-recombinase (CAV-FF)

into the MdD or CeA (see STAR Methods for details). Using this

strategy, PBNlTac1 cells targeting either the MdD or CeA were

strongly labeled, allowing axonal projections to be visualized.

As predicted from the retro-beads study (Figure 5C), projections

were specific (FigureS7). InmicewhereCAV-FFwas injected into

the MdD, projections to the MdD were prominently labeled, but
Neuron 100, 1–13, December 19, 2018 7



Figure 6. PBNlTac1 Inputs to MdD Drive the Escape-like Jumping Responses to Noxious Heat

(A–E) Tac1-Cre; RC::FL-hM3Dq allows excitatory DREADD expression in cells co-expressing FlpO. Retrograde transport of CAV-FF from CeA (A) and MdD (C)

results in mCherry-positive cells in PBNl (red) and CNO administration evokes Fos (green, white arrowheads in the insets) expression in these cells (B and D).

(E) Quantification of mCherry and Fos labeling after CNO. Double-positive cells in CeA-injected mice per section were 42.43 ± 3.77 compared to the 16.29 ± 3.17

in the MdD-injected ones; Student’s t test, ***p % 0.001, n = 7 sections from 3 mice.

(F) CNO results in Fos expression in the CeA (white arrowheads, bottom) and not MdD of the CeA injected with CAV-FF mice (bottom) and in the MdD (white

arrowheads) of the MdD injected with CAV-FF mice (top).

(G) Fos expression is increased in CeA or MdD of PBNl-CeATac1-hM3Dq and PBNl-MdDTac1-hM3Dq in response to CNO; Student’s t test, **p% 0.01, n = 10 sections

from 3 mice.

(H) Importantly, only activation ofPBNl-MdDTac1-hM3Dq resulted in increased jumping in thehot plate (55�C for30s; compareCeA, topgraphandMdD,bottomgraph).

MdD injection and CNO administration increased jumps on the hot plate from 0.25 ± 0.25 to 4.62 ± 0.8; Student’s t test, **p% 0.01, ***p% 0.001, n = 8 mice.
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no fibers targeting the forebrain regions were detected (Figures

S7C and S7C’). In contrast, when CAV-FF was injected into the

CeA, projections were forebrain specific (Figures S7B and

S7B’). Together, these findings demonstrate that subpopulations

of PBNlTac1 neurons project to different brain regions and that

more caudal PBNlTac1 neurons selectively target the MdD.

PBNl-MdDTac1 Cells Heighten Nocifensive Behavior on
the Hot Plate
Since our data strongly implicate the PBNl to MdD projection as

a driver for nocifensive behavior, we adapted the combinatorial
8 Neuron 100, 1–13, December 19, 2018
genetic tracing approach described above to target expression

of hM3Dq to the subset of Tac1-Cre neurons projecting to the

MdD. For these experiments we used a mouse strain (RC::FL-

Dq) where hM3Dq expression is dependent on both Cre and

Flp recombinase (Sciolino et al., 2016).

Compound Tac1-Cre; RC::FL-Dq mice were injected with the

retrograde Cre-dependent Flp vector CAV-FF in either the CeA

or MdD (Figures 6A–6D). Both injections resulted in hM3Dq

expression in the PBNl (Figures 6B and 6D), and CNO adminis-

tration elevated Fos expression in this region of the brain (Figures

6B, 6D, and 6E). However, as expected, activation of PBNlTac1
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neurons projecting to the CeA did not induce significant Fos

expression in the MdD (Figures 6F and 6G). Activation of MdD-

projecting PBNlTac1 neurons was also specific, with little Fos in-

duction in the CeA (Figures 6F and 6G). We next tested the

behavioral effects of selectively activating either PBNl-CeATac1

or PBNl-MdDTac1 neurons. Strikingly, CNO administration in

mice injected with CAV-FF at theMdD recapitulated the elevated

responses in the hot plate test, whereas those injected in the

CeA had no observable effect in this assay (Figure 6H). These re-

sults demonstrate a major functional distinction between these

two subpopulations of PBNlTac1 neurons and support our identi-

fication of PBNl-MdDTac1 neurons as being a critical component

of a brainstem circuit that controls nocifensive behavioral

responses.

PBNl-MdDTac1 Neurons Create a Pronociceptive Tac1
Brainstem-Spinal Circuit
Interestingly, a subset of glutamatergic neurons in the MdD

express Tac1 (Figure 7A). Anterograde tracing from the dorsal

MdD showed that these neurons revealed projections to the

superficial layer I of the dorsal spinal cord and also to the

PBN (Figure 7B, middle panel). Given the importance of

PBNl-MdDTac1 neurons in modulating nocifensive behavior,

we hypothesized that MdDTac1 neurons might be part of the de-

scending pronociceptive brainstem circuit, linking PBN activa-

tion and output circuits in the spinal cord.

To probe PBNlTac1-MdDTac1 connectivity, we generated a

compound heterozygous strain carrying both Tac1-Cre and

Tac1-tagRFP (Wu et al., 2018) alleles. In these mice, Tac1-neu-

rons are labeled with tagRFP (Figure S1D), while Cre-mediated

labeling of select subsets using AAV-GFP injection allowed us

to trace specific projections. This approach revealed that projec-

tions from the PBNl to the MdD are tightly juxtaposed with

tagRFP-positive cell bodies (Figures 7C and 7D). We next used

high-resolution microscopy and a synaptophysin-fused YFP

(Syp-YFP) combined with PSD95-fused tagRFP (PSD95-

tagRFP) to confirm connectivity. We generated mice where

PBNlTac1 pre-synaptic termini were labeled with Syp-GFP and

MdDTac1 neurons were marked with PSD95-TagRFP (Figures

7E and 7F). Super-resolution imaging (Zeiss Airyscan) of the

MdD from such mice demonstrated close association of pre-

synaptic termini of PBNlTac1 neurons with post-synaptic special-

izations (marked with PSD95) in MdDTac1 neurons (Figure 7F).

These results establish connectivity between Tac1-positive neu-

rons in two brainstem regions, supporting a role for MdDTac1

neurons in linking the PBN to circuits in the spinal cord.

We next examined whether MdDTac1 neurons indeed link the

PBN to the spinal cord. We selectively expressed hM3Dq in

MdDTac1 neurons (Figures 7G and 7H) and then tested the effect

of chemogenetic activation of these neurons with CNO. As ex-

pected, CNO administration in these mice caused hyper-loco-

motion in a hot plate assay (Figure 7I), phenocopying the

behavior induced by activation of PBNlTac1 cells (Figure 3).

Together these results strongly support the existence of a

Tac1 brainstem circuit that excites spinal cord neurons and pro-

motes heightened responses to noxious heat (Figure S8B). Con-

sistant with this model, ablation of MdDTac1 neurons using DTA

significantly attenuated jumping on the hot plate in response to
ATP (Figures 7J and 7K). Interestingly, activation of MdDTac1

neurons also sensitized withdrawal in the Hargreaves test (Fig-

ure 7I). In contrast, activation of PBNlTac1 cells (Figure 3C) had

no effect on reflex responses to heat. Thus, it is likely that

MdDTac1 neurons are heterogeneous and play roles in distinct

aspects of nociceptive behavior. Future studies, tracing connec-

tivity and targeting subsets of MdDTac1 neurons, will likely pro-

vide additional important information about how the behavioral

responses to painful stimuli are regulated by subcortical circuits.

DISCUSSION

Our data provide evidence that divergent streams of information

emanate from the PBNl with distinct functional significance. On

the one hand, prominent projections to higher brain areas

including the insular cortex, amygdala, and thalamus likely serve

as an alarm signal for various noxious stimuli and are involved in

affective motivation responses and threat learning as reported

earlier (Han et al., 2015). We now describe and characterize a

second and separate circuit involving a brain stem-spinal cord

pathway that selectively controls the nociceptive motor

response and dramatically modifies behavior without forebrain

involvement.

More than 25 years ago, Almeida et al. (1993) postulated that a

feedforward loop involving the spinal cord and reticular forma-

tion might serve as a reverberatory circuit for amplifying pain

(Dugast et al., 2003). Our data provide three key findings consis-

tent with this model. First, activation of PBNlTac1 neurons pro-

motes heightened responses to noxious stimuli by providing

excitatory input into the MdD (Figures 2, 3C, and 6H); second,

within the MdD, a subset of excitatory neurons also express

Tac1 and similarly enhance responses to noxious stimuli

(Figure 7); and finally, these MdDTac1 cells form reciprocal feed-

forward excitatory connections to both the PBNl and the dorsal

spinal cord (Figure 7B). Conceptually, this spinal-brainstem

reverberatory circuit would transform transient nociceptive sig-

nals arriving from the periphery into long-lasting, widespread

activation. Indeed, it is well established that spinal neurons

exhibit wind-up characterized by extended hyper-excitability in

response to sensory input. Local excitatory interneurons in the

spinal cord have been shown to play a role in the long-lasting

increased excitability of dorsal horn projection neurons (Hachi-

suka et al., 2018). Our data support a model where descending

excitation from the PBNl and MdD (Figure 7J) would strongly

augment this nociceptive input to the brain.

Tac1 neurons in both the PBNl andMdDprovide potential sites

for modulation of nociception by higher centers to help ensure

contextually appropriate behavior. The identification of the

Tac1 brainstem circuit provides new insight into how responses

to noxious stimuli may be controlled by top-down input. A wide

variety of brain regions send projections to the PBNl (Figure S5)

and competing need states are known to potently modulate

pain responses (Alhadeff et al., 2018; Kaur et al., 2017; Roman

et al., 2016; Sohn et al., 2013). Better characterization of the in-

puts to PBNlTac1 and MdDTac1 neurons should offer important

insight into the coordination of pain responses with other biolog-

ical needs (e.g., feeding, reproduction, avoiding predators, etc.)

and may offer future opportunities for understanding how this
Neuron 100, 1–13, December 19, 2018 9



Figure 7. A Brainstem Tachykinin Circuit Mediates Escape-like Responses to Noxious Heat

(A) A subset of excitatory neurons in the MdD also express tac1 (red, stars in the insets; MdDTac1). The MdDTac1 neurons co-express vglut2 (green, middle panel),

but not vgat (green, right panel). Representative image of findings from 2 mice.

(B) AAV-Flex-tdTomato injected in theMdD of Tac1-Cre (MdDTac1-TdT)mice (red) that reveals numerous cell bodies at the site of injection (left panel), a descending

projection to the superficial laminas of the spinal cord (middle panels), and an ascending projection to the PBN (right panel). Sections are counterstained for DAPI

(blue). Representative image of findings from 4 mice.

(C) Compound heterozygous mice co-expressing Cre recombinase and tagRFP in Tac1 cells (Tac1-Cre; Tac1-tagRFP) were stereotaxically labeled with AAV-

CAG-Flex-GFP.

(D) Flex-GFP injected in the PBNl of the Tac1-Cre; Tac1-tagRFPmice labels PBNlTac1 cells in green and red (left panel). In the MdD, only the PBNTac1 projections

are GFP positive (green), whereas theMdDTac1 cells are tagRFP positive (red). Note that the viral GFP expression is much stronger than the expression of tagRFP

coming from Tac1 promoter and that the GFP in axons is strongly labeled (right panels). Importantly, the green axons project closely to the cell bodies of MdDTac1

neurons (right panel, red cells marked by white arrowheads). Representative image of findings from 3 mice.

(E) To provide anatomical evidence for connections between Tac1 cells in both regions, Tac1Cre mice were dually injected with two viral vectors. The PBNl was

injected with pre-synaptic marker (Syp-GFP) and the MdD with a postsynaptic marker (PSD95-tagRFP).

(F) Widefield confocal image of the MdD shows PBNTac1 axons have synaptic specializations (green) in the same region as MdDTac1 neurons (red; left panel).

A higher magnification, super-resolution image (Zeiss-AiryScan) shows that the pre- and postsynaptic specialization are closely juxtaposed (right panel;

approximately 20% of the YFP boutons made contact with the tagRFP boutons; representative image of findings from 4 mice).

(G) A diagram depicting the strategy for chemogenetically activatingMdDTac1 neurons via bilateral stereotaxic injection of Cre-dependent hM3Dq into theMdD of

Tac1Cre mice.

(H) Representative confocal images show that CNO application (right panel), but not saline (left panel), results in Fos induction (green, white arrowheads and inset)

in mCherry-positive MdDTac1 neurons (red).

(I) Chemogenetic activation of MdDTac1 neurons increases jumping on the hot plate (55�C, 30 s) as compared to saline (left); Student’s t test, ***p% 0.001, n = 7

mice. CNO administration also increase sensitivity in hargreaves test, Student’s t test, *p % 0.05, n = 6 mice.

(J) Successful ablation of MdDTac1 cells by AAV-Flex-DTA delivery in the MdD of Tac1-Cre mice, demonstrated by loss of Tac1 cells in the MdD (green, bottom;

white stars) compared to the controls (above). Representative image of findings from 2 mice per condition.

(K) Intraplantar ATP and subsequent hot plate test produced robust jumping response in the control Flex-mCherry animals, but not DTA-injected mice; Student’s

t test, **p % 0.01, n = 6 mice.
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systembecomes dysregulated during chronic pain. Interestingly,

PBNlTac1 neurons expressed Oprm1 (Figure S1C), in agreement

with recent findings (Wang et al., 2018).

Rarely, if ever, do we jump as the result of a mosquito bite, or

scratch when we step on a pin. Such rapid subconscious re-

sponses require specific circuitry tuned to elicit appropriate be-

haviors based on sensory input. Activation of PBNTac1 neurons

immediately affected an animal’s response in the hot plate assay

by inducing jumping (Figure 3C) and produced the same

response duringwide-field optogenetic activation of nociceptors

(Figure 3I; Video S2). By contrast, the lack of spontaneous

response when Tac1 cells are activated in the absence of a stim-

ulus is significant. Moreover, responses to pruritogens or to cold

are not affected by activation of these neurons (Figure S3), sug-

gesting PBNTac1 neurons have a very restricted role in controlling

responses to noxious stimuli. Furthermore, punctate heat did not

produce jumping, demonstrating that heat alone does not ac-

count for the response. On the other hand, activation of the

MdDTac1 cells was more broadly pronociceptive (Figure 7I), sug-

gesting these cells may be functionally heterogeneous.

Previously, MdD cells were shown to project to both superfi-

cial and deeper layers of the spinal cord, indicating MdD cells

can potentially modulate activity of pre-motor networks (Almeida

et al., 1993). However, since projections of dorsal MdDTac1 cells

are limited to the superficial layers of the spinal cord (Figure 7B),

these neurons are unlikely to activate pre-motor neurons

directly. Reduction of paw licking in the PBNlDTA mice in the sec-

ond phase of formalin (Figure 4G) indicates that PBNlTac1 neu-

rons are not uniquely tuned to noxious stimulation but can be

involved in nocifensive behaviors induced by noxious chemicals,

such as formalin. Interestingly, central circuits are primarily

responsible for the second phase of the formalin response.

One possibility is that descending projections from areas known

to be important for chronic pain such as the amygdala, periaque-

ductal gray, or anterior cingulate cortex may directly or indirectly

modulate Tac1 cells in the PBNl and MdD as a means of tuning

pain responses.

An interesting feature of our study is that activation of PBNTac1

neurons does not produce nocifensive responses on its own

(Figures 3C and 3G–3I) but has a major effect on responses to

sensory cues. Our speculation is that peripheral stimulation pro-

vides the context necessary to trigger a specific behavioral

response. Though quite different, a useful analogy is the well-

known stimulation of feeding by activation of AgRP neurons in

the arcuate (Krashes et al., 2011); in the absence of food, an

animal may appear agitated, but the full expression of the salient

behavior is not observed because it cannot eat. For the circuit we

describe, peripheral signals may provide location, quality, and

other salient features required for the full expression of behavior.

In this scenario, the Pbn-MdD circuit would change signal pro-

cessing to strengthen appropriate nocifensive responses, but

when artificially activated absent of context (Figures 3C and

3G–3I), would not be expected to elicit a recognizable response.

In the future it will be important to identify the neural circuits

that influence other types of stereotyped responses such as

scratching, wiping, and guarding. It is tempting to speculate

that subsets of other neuropeptide expressing neurons in the

PBN may play a role in some of these. Determining how these
different nocifensive behaviors are generated will ultimately be

important in defining the mechanisms that allow contextually

appropriate behaviors to be selected.
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Neurological Diseases and Stroke (NINDS) Animal Care and Use Committee. Tac1-Cre or Tac1-IRES2-Cre-D or B6;129S-

Tac1tm1.1(cre)Hze/J (Stock number 021877); pDyn-Cre or Pdyn-IRES-Cre or B6;129S-Pdyn tm1.1(cre) Mjkr/LowlJ (Stock number

027958); Nts1-Cre or B6;129-Ntstm1(cre) Mgmj/J(Stock number 017525); Vglut2-Cre or Vglut2-ires-cre or Slc17a6tm2(cre)

Lowl/J(Stock number 016963); Chat-Cre or Chat-ires-cre or B6;129S6-Chat tm2(cre)Lowl/J (Stock number 006410); Th-CreERT2

or Th tm1.1(cre/ERT2)Ddg/J (Stock number: 025614); Mc4r-Cre or Mc4r-2a-Cre or Mc4rtm3.1(cre)Lowl/J (Stock number 030759);

RC::FL-hM3Dq or B6.Cg-Gt(ROSA)26 Sortm3.2 (CAG-EGFP,-CHRM3*/ mCherry/Htr2a)Pjen/J (Stock number 026942); B6.129S-

Gt(ROSA)tm66.1(CAG-tdTomato)Hze/J or Ai9 (Stock number 005975); B6.Cg-Gt(ROSA)26Sortm27.1(CAG-COP4*H134R/

tdTomato)Hze/J or Ai27 (Stock number 012567) (Harris et al., 2014; Madisen et al., 2010, 2012) strains are as available from Jackson

Laboratories. Grp-Cre was provided by Dr. Michael Krashes (NIDDK, NIH, Bethesda, MD). Calca-CreERT2 was generously provided

by Dr. Pao-Tien Chuang (Cardiovascular Research Institute, University of California, San Francisco, CA) (Song et al., 2012). Tac1-

tagRFP-2A-TVA was generated by targeting tagRFP-2A-TVA at the ATG of the Tac1 gene (Wu et al., 2018) and was provided by

Dr. Nicholas Ryba (NIDCR). Genotyping for the mentioned strains was performed according to protocols provided by the Jackson

Laboratories. For Calca and Th strains, Cre activity was induced by tamoxifen (TMX), administered twice by intraperitoneal (i.p.)

injection at 100 mg/kg body weight at 3 weeks of age and older.

METHOD DETAILS

Decerebration and spinalization surgeries
Micewere stabilized under anesthesia with 2% isoflurane/oxygen. 1mL of saline was intraperitoneally (i.p.) administered 15min prior

to performing decerebration to compensate for blood loss. Heads were shaved and cleaned with 95% (vol/vol) isopropyl/ povidone-

iodine solutions to decontaminate/ remove excess hair. An incision was made to expose the skull. Exposed skull was cleaned with

cotton swab dipped in isopropyl alcohol. Lambda and bregma were visualized and scored after wiping the exposed skull with

hydrogen peroxide (Sigma) and cleaned dry with a cotton swab. Using a scalpel, a cut was made �3 mm caudal to the lambda

and 2 mm rostral to the bregma and perpendicular to the midline (1-2 cm left and right). A handheld microdrill (Roboz) was used

to fracture the skull along the cut to expose the brain. Next, a surgical scalpel (FST; 10073-14) was used at �45� angle to make a

slicing motion across the entire width of the fracture to cut the brain keeping the pre-mammillary bodies intact. For thoracic spinal

cord transection, post-decerebration, a skin transection was made above the 3 thoracic vertebrates (T7-T9) and a dorsal laminec-

tomywas performed. The spinal cord was completely transected at T8with spring scissors (FST; 15000-02). Unless otherwise stated,

all behaviors were performed within 30 min of the surgery and removal from anesthesia.

Viral vectors and stereotaxic injections
Mice were administered 1 mL saline mixed with 25 mg/kg of ketoprofen 30 min prior to and for 2 days daily post-surgery. Mice

were anesthetized with 2% isoflurane/oxygen prior and during the surgery. Craniotomy was performed at the marked point using a

hand-held micro-drill (Roboz). A Hamilton syringe (5 or 10 ul) with a glass pulled needle was used to infuse 200 nL of viral

particles (1:1 in saline) or retrobeads (1:1 in saline) at 100 nL/min. The following coordinates were used to introduce virus/dyes:

PBNl- AP:-4.92, ML: ± 1.40; DV:3.40; MdD- AP:-1.64, ML: ± 2.63; DV:4.43; CeA- AP:-7.41, ML: ± 0.88; DV:4.73. Vectors used

and sources: AAV9-CAG-FLEX-PLAP (this paper); AAV9-CAG-FLEXFlp-PLAP (this paper); AAV9-CAG-FLEX-tdTomato (UPenn;

donated by Allen Institute); AAV9-CAG-FLEX-GFP (UPenn; donated by Allen Institute); AAV5-hSyn-DIO-mCherry (UNC); AAV5-

hSyn-DIO-hM3Dq (UNC; donated by Brian Roth); AAV-EF1a-DIO-hChR2(H134R)-mCherry (UNC; donated by Karl Diesseroth);

AAV5-mCherry-FLEX-dtA (UNC; donated by Naoshige Uchida); AAV5-hSyn-DIO-TVA-delG-GFP (AAV-synP-DIO-sTpEpB) (UNC;

donated by Ian Wickersham) (Kohara et al., 2014); AAV8-Flex-hSyn-Synaptophysin-YFP (MGH GDT Core); AAV9-Flex-hSyn-

PSD95-TagRFP (this paper; donated by Mark Hoon); AAV9-CAG-Cre (this paper; Vigene); AAV9-CAG-FlpO (this paper); CAV-

FLEX-FlpO (Plateforme de Vectorologie de Montpellier), EnvA G-Deleted Rabies-mCherry (Salk Vector Core). Retrobeads-green

and red (Lumifluor) were used for retrograde tracing. For rabies tracing experiments, AAV-synP-DIO-sTpEpB was injected first,

followed by EnvA G-Deleted Rabies-mCherry after 3 weeks. Tissue was harvested after 1 week of rabies for histochemical

analysis. Posthoc histological examination of each injected mouse was used to confirm viral-mediated expression was restricted

to target nuclei.

Optogenetic fiber implantation
Fiber optic cannula from Thor Labs; Ø1.25 mm Ceramic Ferrule, Ø200 mm Core, 0.22 NA, L = 5 mm were implanted at AP: �4.92,

ML: ± 1.40; DV:3.20 after AAV carrying Chr2 was infused in the PBNl. Animals were allowed to recover at least for 3 weeks prior

performing behavioral tests. Successful labeling and fiber implantation were confirmed post hoc by staining for mCherry for viral

expression and injury caused by the fiber for implantation.
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Behavioral assays
One experimenter carried out all the behavioral assays for the same cohort and was blinded to the treatments (J.T. or M.S.). Exper-

iments throughout all the intraplantar and intraperitoneal administrations were performed by one experimenter (A.B.). All experiments

were done in the same room, which was specifically designated for behavior and under red light. Mice were habituated in their home-

cages for at least 30 min in the behavior room before experiments. For the formalin and Hargreaves tests, mice were habituated in

transparent Plexiglass chambers for 30 min. Clozapine-N-Oxide (1 mg/kg) dissolved in DMSO and diluted in saline was injected i.p.

60-90 min before behavioral experiments or histochemical analysis (Krashes et al., 2011). 100ul of 2% formalin in saline was loaded

into an insulin syringe and injected intraplantar until slight swelling was observed (20-30ul). 30 ul of 100 mM ATP in saline were used

for intraplantar injections. All the experiments were videotaped and scored offline post hoc using TopScan by CleverSys. The Har-

greaves apparatus, programmable hot-plate, and thermal gradient were purchased from IITC and used according to the manufac-

turer’s instructions. Von Frey test was done by manually applying following filaments: 0.008, 0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1, 1.4 g.

Animals received 10 stimulations on the left paw. Inter trial interval was at least 15 s. Open-field was from CleverSys. For optogenetic

experiments, the fiber coupled LED (Prizmatix) was connected to the optic ferrules implanted on the mouse head. 30 min after the

habituation to the optic fibers, mice were introduced on the hot-plate. During the experiments, the mice received photostimulation of

40% power from the LED source, at 30 Hz frequency and 20 mW/mm 2 intensity. The genotype or treatment of the animals were

revealed post hoc to the experimenter. An equal male:female ratio wasmaintained in every experimental cohort and condition, unless

test animals died due to surgical complications. For optogenetic excitation of peripheral neurons, fiber coupled LED (1-2.5 mW) or

custom-build LED floor (1.5-3 mW) were used. The fiber or the floor was brought close (�1 cm) to the mice enclosed on a table with

wire mesh top and the LED light source was turned on/off rapidly (1-2 s). Mice were always habituated in their respective chambers

for 30 min prior experimentation.

Immunostaining, multiplex in situ hybridization and confocal microscopy
Mice were anesthetized with isoflurane and perfused intracardially with PBS and 4% PFA (Electron Microscopy Sciences) consec-

utively for immunostaining experiments. Fresh brains were harvested for in situ hybridization experiments. For Fos experiments,

brains were harvested 90min after hotplate/ capsaicin/ ATP and 150min after i.p. CNO administration or intraplantar formalin. Tissue

sections were rinsed in PBS and incubated in blocking buffer (5% goat serum; 0.1% Triton X-100; PBS) for 3 hours at room temper-

ature. Sections were incubated in primary antibodies in blocking buffer at 4�Covernight. Sectionswere rinsed 1-2 timeswith PBS and

incubated for 2 hours in Alexa Fluor conjugated goat anti-rabbit/ rat/ chicken secondary antibodies (Thermo Fisher Scientific), sec-

ondary antibodies washed in PBS, and mounted in ProLong gold mounting media (Thermo Fisher Scientific) onto charged glass

slides (Daigger Scientific). For PLAP staining, post-sucrose brains were kept in a water-bath set at 65�C for an hour and then

sectioned. Staining was done by incubating the sections in ready-made staining solution (B1911, Sigma) for 1-4 hours at room tem-

perature. Prior mounting the reaction was stopped by incubating the sections in 4%PFA for 6-8 hours at 4�C.Multiplex ISHwas done

with amanual RNAscope assay (AdvancedCell Diagnostics). Probeswere ordered from the ACD online catalog. Z stack imageswere

collected using a 20X and 40X oil objective on a laser scanning confocal system (Olympus Fluoview FV1000) and processed using

ImageJ/FIJI software (National Institutes of Health). The AiryScan images of synapses were acquired with 60X oil objective on a Zeiss

LSM 880 AiryScan Confocal microscope.

IDISCO and cleared brain imaging
In order to stain intact brains with anti-phospho Fos (Phospho-Fos Ser32 D82C12 XP Rabbit mAb #5348; Cell signaling) antibody,

clearing, and imaging we followed the protocols as described in https://idisco.info/ (Renier et al., 2014). For imaging and image

processing we used the Ultramicroscope II light-sheet microscope from LaVision technologies (1.3X lens) and Arivis image process-

ing software respectively. The cleared brains were imaged from rostral to caudal direction at an interval of 3 microns.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad PRISM 7 software. ns > 0.05, * p % 0.05, ** p % 0.01, *** p % 0.001,

**** p % 0.0005.
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Figure S1. Neuropeptide expression in the PBNl. Related to Figure 2. (A) 

Distribution of tac1 (green) /calca (red) (on the left) in the rostro-caudal axis in the PBNl 

by in-situ hybridization and PBNlTac1-tdTomato (red, on the right). Note that distribution of 

Tac1-positive cells extends more caudally than Calca-positive cells. Representative 

image of findings from 2 mice. (B) 74.2±11.81 % (n=6 sections from 2 mice) of cre 

(green) expressing  cells express tac1(red) . (C) oprm1 (green) detected in PBNlTac1 

(red) cells. (D) Expression of endogenous Tac1 reflected in the Tac1-tagRFP mice in 

the PBNl and not in the the CnF (Cuneiform nucleus), part of the mesencephalic 

locomotor nuclei (MLR). Representative image of findings from 4 mice.  
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Figure S2. PBNlTac1 population and their projections. Related to Figure 2.  (A) AAV-

CAG-Flex-TdTomato was injected in the PBNl of Calca CreERT2 mice to label a 

PBNlCalca-TdT (red) labels distinct PBNl population that do not project to MdD. 

Representative image of findings from 3 mice. (B) PBNlTac1-TdT neurons (red) projects to 

sites throughout the forebrain including the CeA, BMA and VMpc (right panel) and 

BNST and AIP (left panel). Representative image of findings from 6 mice per condition.  

(C) PBNlTac1-TdT neurons have a large projection to the reticular formation. Shown are 

two anterior-posterior coordinates. Representative image of findings from 6 mice. (D) 

Note that there are no discernable projections to the spinal cord. Shown is a sagittal 

section that includes the reticular formation and cervical spinal cord (stars). 
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Representative image of findings from 2 mice. (E) Co-injection of AAV-Flex-tdTomato 

(red) and AAV-Flex-Syb2-GFP (green) labeled axon-projections and presumptive 

synaptic vesicles respectively.  The appearance of numerous green puncta co-localizing 

with the red axons indicates that PBNlTac1 neurons have terminal specializations in the 

MdD. Representative image of findings from 3 mice. Abbreviations: SCP, superior 

cerebellar peduncle; VMpc, Ventromedial thalamic nuclei, parvicellular; CC, central 

canal; MdV, ventral medullary reticular nucleus; BMA, basomedial amygdala; AIP, 

agranular insula. 
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Figure S3. PBNlTac1 neurons have no measurable effect in assays for temperature 

preference, stress, and itch. Related to Figure 3.  (A, B) Jumping and licking 

behaviors on the hot-plate are engaged at 52oC in the hot-plate test. Note that, CNO 

administration in PBNlTac1-hM3Dq mice increases jumping behavior while reducing licking 

only at noxious temperatures (>44oC, Student’s t test, p≤0.05, p≤0.005, n=9 mice). (C-

H) CNO administration do not alter temperature preference (C, thermal gradient, n=8 

mice), mechanical sensitivity (D, von Frey test, n=7 mice) noxious cold sensitivity (E, 

cold-plantar, n=7 mice), threshold for reaction (F, dynamic hot-plate; temperature 

increased from 250 -550C at 50C/minute, temperature of first reaction is regarded as the 

cut-off temperature, n=12 mice), anxiety or locomotor defects (G, open-field test, n=12 
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mice), and sensitivity to pruritogens (H, chloroquine itch test, n=6 mice). See methods 

for details. 

 

 

Figure S4. Unilateral chemogenetic or optogenetic activation of PBNlTac1 neurons 

is sufficient to drive heightened jumping on the hot plate. Related to Figure 3.  (A) 

AAV-Flex-tdTomato (red) was injected in the left and AAV-Flex-GFP (green) in the right 

PBNl of Tac1-Cre mice (top panel). Note the bilateral projections to the MdD (middle 

panel). The lower panel show a zoomed image of the boxed region. Representative 

image of findings from 2 mice. (B) Chemogenetic activation of unilateral PBNlTac1- hM3Dq 

mice and hot-plate test produce jumping behavior, n=6 mice. (C) The cartoon depicts 
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the strategy for delivering AAV-Flex-Chr2-mCherry in the left PBN. After each 

experiment, fiber placement was verified in tissue sections (colored lines represent the 

location of the fiber tip for each mouse tested in D; lower panel). (D) Optogenetic 

stimulation increased activity in virally transduced PBNl neurons (red) as evidenced by 

blue light induction of Fos expression (green; compare right and left images). 

Representative image of findings from 6 mice. Just as seen with chemogenetic 

stimulation, pulsed blue light resulted in heightened jumping on a 55o hot-plate (lower 

graph) Student’s t test, p<0.005, n=6 mice. 
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Figure S5. Pre-synaptic inputs to PBNlTac1 neurons. Related to figures 2 and 3. (A) 

A cartoon depicting strategy for rabies virus mediated mon-synaptic input tracing of 

PBNlTac1 cells. PBNlTac1 neurons were used as starter cells (green and red) and cells 

with mono-synaptic input are red.  (B) representative confocal images showing rabies 

label neurons in spinal cord, CeA, MdD, Sp5, CeA, Sp5C, and both cervical and lumbar 

spinal cord. Examples of cells label with only EnvA G-Deleted Rabies-mCherry are 

highlighted with empty arrowheads (Red) whereas example starter cells are noted with 

solid arrowheads (yellow). (C) Quantification of Rabies-mCherry cells at various nuclei 

of the brain and the spinal cord. (n=7 sections from 3 mice). 
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Figure S6. Acute inflammation and PBNlTac1-DTA mice behavior. Related to Figure 4.  

(A) Schematic of viral vector used for cell ablation using Cre-dependent expression of 

Diptheria toxin subunit A (DTA). (B) Bilateral AAV-mCherry-Flex-DTA was 

stereotaxically delivered in the PBNl of Tac1-Cre mice (PBNlTac1-DTA) to ablate the cells. 

Non-Cre dependent expression of RFP confirmed the location of the injection sites. 

Representative image of findings from 4 mice. (C, D) Intraplantar ATP (50 µl of 100 mM) 

elicits Fos expression in Tac1 cells in the PBNl labeled with mCherry virus. Student’s t 

test, p≤0.005, n=10 sections from 3 mice. (E) Acute ATP injection reduced threshold for 

heat induced withdrawal as determined by hargreaves test performed on control 

PBNlTac1-mCherry, n=7 mice. (F) Ablation of PBNltac1-DTA neurons had no noticeable effect 



 

 
10 

on the sensitization of thermal withdrawal reflexes caused by intraplantar ATP. Intra-

plantar saline (50 µl) or ATP injections (50 µl of 100 mM), n=6 mice. (G) PBNlTac1 

ablation did not alter temperature preference as determined by thermal gradient test, 

n=6 mice. (H) PBNlTac1 ablation had no measurable effect in open-field test, n=9 mice. 

 

Figure S7. Projection specificity of PBNlTac1 cells defined by viral intersectional 

genetic tools. Related to Figure 6. (A-C) Schematic for stereotaxic injections of AAV-

Flex-PLAP or AAV-FlexFlp-PLAP in the PBNl and CAV-FF in the PBNl (A), CeA (B), or 

MdD (C). (A’-C’) Corresponding PLAP stained sections including PBNl (left), MdD 

(middle), and CeA (right). Representative image from 4 mice per injection combination. 
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Figure S8. Limited induction of Fos staining in mice injected with saline. Related 

to Figure 6 and 7. (A) Lack of Fos expression in saline treated PBNl-MdDTac1-hM3Dq and 

PBNl-CeATac1-hM3Dq mice. Representative images from 3 animals for each condition. (B) 

A cartoon depicting a model for a pronociceptive Tachykinin brainstem to spinal cord 

circuit mediates heighten responses to painful stimuli and the expression of coordinated 

escape-like behavior. Abbreviations: MdV, ventral medullary dorsal nuclei. 
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