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behavior, where different levels of activa-

tion were found to drive species-specific

song outputs (Ding et al., 2017), as well

as previous results showing that acti-

vating the same set of neurons could

engender either aggressive or courtship

behavior in flies (Hoopfer et al., 2015).

Thus, this story evokes much of Tinber-

gen’s ethological theories, observing

that a single internal state, ‘‘reproductive

instinct,’’ could lead to increased levels

of courting, fighting, nesting, or other

related behaviors, all dependent on the

sensory stimuli presented to the animal

and its own internal state (Tinbergen,

1951). Competing with these types of

states, though, are other, perhaps more

mundane, drives like hunger, thirst, sleep,

or thermoregulation. Understanding how

this hierarchical set of internal states

compete likely requires an accordingly hi-

erarchical picture of neural dynamics

(Dawkins, 1976). How an organism uses

its nervous system to switch between ac-
tions, tasks, and longer timescale behav-

iors has been a motivating question in

ethology since its founding. Now, how-

ever, using sophisticated tools for

measuring and manipulating neural activ-

ity and behavior in freely behaving ani-

mals, we are starting to generate a pic-

ture of how these processes may occur,

bringing new power to old theories and

rapid progress toward understanding

how behaviors adapt and evolve.
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The brain orchestrates a variety of responses to noxious environmental stimuli, from reflexive movements to
coordinated defensive behaviors. In this issue of Neuron, Barik et al. identify a hindbrain circuit essential for
escape behaviors (Barik et al., 2018).
‘‘Pleasure and pain are, and always

will be, the only principles of action

in man.’’

Helvétius and Hooper, 1810
While we generally approach stimuli that

bring us pleasure, the central nervous

system is wired to promote escape from

dangerous situations. To this end, the

brain coordinates a series of behavioral

responses to hazardous or painful stimuli

to help us avoid danger. These responses
range from simple withdrawal reflexes

that are rooted in spinal circuits, to com-

plex behavioral sequences to alleviate

pain. In an impressive set of experiments,

Barik et al. (2018) uncover and charac-

terize a spinal-brainstem circuit that

coordinates jumping ‘‘escape’’ responses

to excessive heat.

Mice exhibit a stereotyped sequence

of responses when placed on a hot sur-

face that ultimately culminates in a jump-

ing ‘‘escape’’ response. To understand

how the brain coordinates behavioral re-
sponses to nociceptive stimuli, Barik et al.

(2018) first combined a classical decere-

bration model with a behavioral assay to

localize the circuitry that mediates escape

responses to thermal pain. Building off

of classical findings on pain withdrawal

reflexes (Woods, 1964; Woolf, 1984),

the authors performed a decerebration

(severing connections between the hind-

brain and cerebrum) to demonstrate that

forebrain circuits are not required for jump-

ing in response to extended thermal pain.

This creative approach determined that
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Figure 1. Hindbrain Circuitry Mediating Escape Responses from
Thermal Pain
In this study, the authors propose a hindbrain Tac1 (neurons indicated in red)
circuit that selectively promotes jumping in response to thermal pain. PBNl-
Tac1 neurons receive projections from the spinal cord, and they send and
receive reciprocal projections from MdD-Tac1 neurons. MdD-Tac1 neurons
also have descending projections to the spinal cord. This study demonstrates
the functional role of lPBN- and MdD-Tac1 neuron populations that are part of
a larger neural network that influences escape responses to thermal stimuli.
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the circuits necessary for

mounting an escape response

are located in hindbrain.

Barik et al. (2018) next

sought to map the neural

subtypes and distinct circuits

that mediate escape behavior.

Based on the finding that

the escape circuit is rooted

in the hindbrain, the authors

first investigated the lateral

parabrachial nucleus (PBNl),

a well-known hindbrain

gateway for processing

noxious visceral signals and

peripheral somatosensory

stimuli (Alhadeff et al., 2018;

Campos et al., 2018; Han

et al., 2015; Palmiter, 2018;

Rodriguez et al., 2017).

Blocking excitatory input

into the PBNl attenuated the

jumping response to thermal

pain, indicating that the PBNl

was indeed necessary for

this response. The authors

then performed an unbiased

anatomical screen of neurons

in the PBNl, seeking to identify

neurons that have projections

localized to the hindbrain.

By tracing the projections of
several different molecularly defined

neuron subtypes in the PBNl, the authors

identified a population of Tacykinin1

(Tac1)-expressing neurons with hindbrain

projections.ActivatingPBNl-Tac1neurons

had remarkably little effect on the behav-

ioral responses to most somatosensory

stimuli. However, in the presence of ther-

mal pain, optogenetic or chemogenetic

activation of PBNl-Tac1 neurons immedi-

ately initiated a jumping response instead

of the normal progression through a

sequence of behaviors including paw

withdrawal and paw licking. Activation of

these neurons did not initiate jumping

in the absence of pain or even at lower

temperatures, suggesting that these

neurons gate the most extreme behavioral

response and require appropriate input

from the environment to exert this effect

on behavior. This suggests that activity

in PBNl-Tac1 neurons permits jumping

behavior rather than simply driving a

programmed motor escape response, as

has been observed in other organisms

(Liu et al., 2012).
1278 Neuron 100, December 19, 2018
Where do the PBNl-Tac1 neurons

project to mediate escape responses?

Based on the original decerebration exper-

iments, one would expect that hindbrain

projectionsmediate this response. Indeed,

anatomical results demonstrated that

PBNl-Tac1 neurons send dedicated, non-

collateralized projections to the hindbrain

dorsal reticular formation (MdD) as well as

to the forebrain central nucleus of the

amygdala (CeA). These projections have a

topographical organization, as the more

caudal Tac1 neurons project to the MdD.

This finding set up an experiment in which

the authors functionally tested the role of

PBNl-Tac1/MdD neurons in mediating

responses to thermal pain. Selectively

activating PBNl-Tac1/MdD neurons

(and not the CeA-projecting population)

potentiated escape behavior from thermal

pain—revealing a functional correlate to

the anatomically distinct populations of

PBNl-Tac1 neurons. The lack of effect of

activating PBNl-Tac1/CeA neurons on

escape response leaves open the possibil-

ity that this population mediates affective
responses to threats such as

thermal pain. Given the partial

overlap of Tac1 and CGRP in

the PBNl, and the established

role of PBNl-CGRP/CeA

neurons in mediating affective

responses to pain (Han et al.,

2015), this isa reasonablepos-

sibility. Such an organization

would suggest that parallel

subpopulations of the same

PBNl-Tac1 neurons mediate

the perception and response

to pain. It will be interesting

to determine whether escape

behaviors and themorecogni-

tive components leading to

pain-induced negative affect

are dissociable within the

PBNl-Tac1neuronpopulation.

Thus, a return to the decere-

brate model might provide

information as to whether

the higher-order affective-

motivational component re-

quires forebrain projections

that are not essential for this

escape response.

The authors identified a

population of PBNl-Tac1 neu-

rons that project to the

MdD—but which neurons in
the MdD mediate escape response?

Intriguingly, the authors found a popula-

tion of Tac1-expressing neurons in the

MdD that receive axonal projections

from lPBN-Tac1 neurons. Chemogenetic

activation of MdD-Tac1 neurons recapitu-

lates the nocifensive behavior seen with

activation of lPBN-Tac1 neurons, sug-

gesting that these neurons exist in a hind-

brain Tac1/Tac1 circuit that mediates

escape response. Unlike activation of

PBNl-Tac1 neurons, activation of MdD-

Tac1 neurons also sensitized withdrawal

reflexes to thermal pain, demonstrating

that these neurons are more broadly

tuned to painful stimuli. This suggests

that heterogeneity in the MdD-Tac1 pop-

ulation likely exists to segregate specific

behavioral actions. Based on these

neuroanatomical and functional studies,

the authors propose a feedforward spi-

nal-brainstem-spinal circuit along this

Tac1 neuron axis that propagates escape

response.

Taken together, these findings make

important headway in determining the
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neural substrates that mediate nocifen-

sive escape responses to noxious ther-

mal stimuli. The stringent specificity of

behavior driven by the described pathway

suggests that distinct neural circuits coor-

dinate individual behavioral subroutines

(i.e., withdrawal, licking, jumping). This

model is supported by data showing that

PBNl-Tac1 neurons are dispensable for

withdrawal responses or paw licking in

response to thermal pain, but are essen-

tial for escape jumping. However, these

individual behaviors are eventually com-

bined into an appropriate response

sequence to painful stimuli. This may

occur at the level of MdD-Tac1 neurons,

as they drive responses that include

both reflexes and escape behavior. As

the authors suggest, a comprehensive

understanding of the circuits mediating

each of these nocifensive responses is

necessary for a complete picture of the

complex behavioral responses to pain.

Future studies monitoring the activity of

neurons in this circuit may illuminate the

role for each neural node. By determining

in vivo activity patterns of peripheral,

PBNl, and MdD Tac1 neurons during the

response to thermal pain, we will better

understand how these neurons are acti-

vated during the pain response and how
they filter and integrate sensory informa-

tion about the environment to promote

escape behavior. Based off of results

from Barik et al. (2018), one would expect

that the PBNl is selectively activated by

severe thermal pain that elicits jumping,

while the other loci will respond more

broadly to different pain modalities.

In summary, the authors describe a

highly specific Tac1 circuit for nocifensive

behavior that they trace from the periph-

ery to the hindbrain and back to the spinal

cord (Figure 1). This circuit is clearly

important in mediating the robust, coordi-

nated, and adaptive escape responses to

thermal pain. These findings provide a

major advance in our understanding of

hindbrain-sufficient circuits for escape

behavior, and they lay the foundation

for future work to build upon this

circuit to better understand coordinated

behavioral, affective, and motivational re-

sponses to nociceptive stimuli.
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