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The parabrachial nuclear complex (PBN) is a nexus for aversion and for the sensory and affective components of pain percep-
tion. We have previously shown that during chronic pain PBN neurons in anesthetized rodents have amplified activity. We
report a method to record from PBN neurons of behaving, head-restrained mice while applying reproducible noxious stimuli.
We find that both spontaneous and evoked activity are higher in awake animals compared with urethane anesthetized mice.
Fiber photometry of calcium responses from calcitonin-gene-related peptide–expressing PBN neurons demonstrates that these
neurons respond to noxious stimuli. In both males and females with neuropathic or inflammatory pain, responses of PBN
neurons remain amplified for at least 5 weeks, in parallel with increased pain metrics. We also show that PBN neurons can
be rapidly conditioned to respond to innocuous stimuli after pairing with noxious stimuli. Finally, we demonstrate that
changes in PBN neuronal activity are correlated with changes in arousal, measured as changes in pupil area.
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Significance Statement

The parabrachial complex is a nexus of aversion, including pain. We report a method to record from parabrachial nucleus
neurons of behaving mice while applying reproducible noxious stimuli. This allowed us to track parabrachial activity over
time in animals with neuropathic or inflammatory pain. It also allowed us to show that the activity of these neurons correlates
with arousal states and that these neurons can be conditioned to respond to innocuous stimuli.

Introduction
Pain is a multidimensional experience, composed of unpleasant
sensory, affective, and cognitive experiences (Melzack and Casey,
1968; Fields, 1999; Price, 2000; Treede et al., 2000; Auvray et al.,
2010). Because of the multidimensionality of the pain experience,
chronic pain patients suffer from comorbid emotional and cog-
nitive deficits and exhibit alterations in the function of brain net-
works linked to these deficits (Borsook, 2012; Bushnell et al.,
2013). Therefore, treating pain, and especially chronic pain,
requires addressing not only the sensory aspects of pain but also
its affective and cognitive components.

Chronic pain affecting the trigeminal system, in particular,
is associated with deficits in affective processing, including
increases in anxiety and depression (Smith et al., 2013; Wu et al.,
2015; Turnes et al., 2022). A key region in the trigeminal system
is the parabrachial nuclear complex (PBN). It is a nexus of aver-
sion and of both the nociceptive and affective components of
pain processing (Chiang et al., 2019). PBN is involved in other
aversive behaviors (Cai et al., 2018), including taste aversion
(Carter et al., 2015; Chen et al., 2018), threat memory (Han et al.,
2015), and fear conditioning (Campos et al., 2018; Bowen et al.,
2020). We and others have found that PBN neurons respond to
noxious stimuli under urethane anesthesia (Bernard and Besson,
1990; Uddin et al., 2021) and display amplified activity during
chronic pain (Uddin et al., 2018; Raver et al., 2020).

Most of what is known about the physiology of PBN in the
context of pain comes from studies using anesthetized animals.
This is problematic because anesthesia may blunt pain-related
activity. Further, anesthesia does not allow studies of state-de-
pendent changes in pain perception, changes that are critical to
pain behavior. Pain perception depends on both external stimuli
and the internal state of the animal. Internal states such as
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distraction (Buhle and Wager, 2010; Legrain et al., 2011) or hun-
ger (Alhadeff et al., 2018) profoundly alter pain perception.
Therefore, it is essential to determine how internal states affect
PBN processing in behaving animals.

Recordings of nociceptive responses from PBN in awake
animals are complicated by at least two major technical diffi-
culties. First, the location of PBN—at the junction of the
midbrain and pons and its relation to major vessels—renders
recordings from single units unstable and low signal-to-noise
ratios in behaving animals. The second complication is the
ability to present to behaving animals reproducible noxious
stimuli. We have adapted a head-restrained, awake rodent
recording model to address these issues. This allowed us
to investigate the physiology of PBN in awake animals in
response to both noxious and non-noxious stimuli and the
role of internal states in PBN processing.

Materials and Methods
We adhered to accepted standards for rigorous study design and report-
ing to maximize the reproducibility and translational potential of our
findings as described by Landis et al. (2012) and in ARRIVE (Animal
Research: Reporting in Vivo Experiments) guidelines. In line with
National Institutes of Health recommendations for scientific rigor, we
performed an a priori power analysis to estimate required sample sizes
(Landis et al., 2012).

Animals
All procedures were conducted according to Animal Welfare Act
regulations and Public Health Service guidelines and approved by
the University of Maryland School of Medicine Animal Care and
Use Committee. We used the following 27 male and female wild-
type C57BL/6 mice from The Jackson Laboratory (strain #000644): 9
chronic constriction injury of the infraorbital nerve (CCI-ION) ani-
mals, 4 complete Freund’s Adjuvant (CFA)–injected animals, and
14 naive animals. We also used eight CGRP (calcitonin-gene-related
peptide)-CRE mice, four male and four female, that were bred in
house from breeding pairs obtained from The Jackson Laboratory
(stock #033168).

Animals were housed in a 12 h dark/light cycle with food and water
ad libitum. The animals were group housed before head plate surgery.
After surgery they were individually housed.

Head plate implant surgery
Animals were induced with 2–4% isoflurane and placed in a stereo-
taxic frame. The anesthesia was maintained at 1–2% for the surgery.
Animals were given Rimadyl (5 mg/kg) for analgesia. The skin on
the top of the skull was removed, and the head plate (model 11,
Neurotar) was secured to the skull using a mixture of dental cement
and Vetbond (3M). Two screws were implanted anterior to the head
plate for grounding. A craniotomy was created to expose the brain
above PBN (AP, 4.8–5.3 mm; ML, 0.5–2 mm), and the dura was
removed. The area was cleaned using a cortical buffer with antibiot-
ics containing 125 mM NaCl, 5 mM KCl, 10 mM Glucose, 10 mM

HEPES, 2 mM 1 M CaCl2, 2 mM 1 M MgCl2, 100 units/ml penicillin,
and 0.1 mg/ml streptomycin. The craniotomy was closed using a sili-
cone elastomer (Kwik-Sil, World Precision Instruments). The ani-
mal was placed on a heating pad and allowed to recover.

Training
Animals were trained on the Neurotar Mobile HomeCage, where they
were head restrained but allowed to locomote freely on a carbon fiber
platform supported by a cushion of air. Animals were given 5 d to
recover after the implant of the head plate. On day 6 animals were left in
their home cage and placed near the Neurotar setup to habituate them
to the noise of the air flow for 2 h. On day 7, animals were placed in the
Neurotar setup and allowed to move freely for up to 2 h to habituate
them to the device. Electrophysiology recordings started on day 8.

Electrophysiology recordings
Awake electrophysiology recordings. We performed recordings in

low light conditions. Animals were placed in the Neurotar setup and
allowed to acclimate for 5min. The silicone elastomer was removed, and
the craniotomy was cleaned using a cortical buffer with antibiotics. A
single platinum-iridium recording electrode (0.3–1 MV), produced in
our lab, was lowered into PBN. We digitized recorded waveforms using
a Plexon system. We isolated units that were responsive to noxious heat
(50°C) applied to the anterior maxillary region of the head using a
Picasso Lite dental surgical laser (AMD Lasers), positioned 5 mm above
the skin and set to 3.5 W for 5 s. The laser was calibrated with a Jenco
Electronics microcomputer thermometer to generate 51°C at the end of
a 5 s exposure. We waited at least 2min between consecutive stimuli and
inspected the skin after each stimulus for erythema or tissue damage. On
finding a neuron that was responsive to noxious heat stimulation, we
allowed the cell to return to its baseline firing rate before recording base-
line spontaneous activity for 5min. After that, we recorded responses to
noxious heat applied at 2min intervals to prevent tissue damage for a
total of 10–12 trials. After each recording session, the electrode was
removed, and the craniotomy was cleaned using a cortical buffer with
antibiotics and covered with fresh silicone elastomer.

Anesthetized electrophysiology recordings. Animals were anesthetized
via intraperitoneal injections of urethane (10% w/v). Following anesthe-
sia, the mice were placed in a stereotaxic frame with a heating pad, and a
craniotomy was made over the recording site to target PBN (AP, 4.8–5.3
mm; ML, 0.5–2 mm). The recording and stimulation protocol was iden-
tical to the awake mice protocol.

Electrophysiology data analysis. Recordings were sorted using
Offline Sorter software (Plexon) using dual thresholds and princi-
pal component analysis. Responses to thermal stimuli were ana-
lyzed with custom MATLAB scripts. Significant responses were
defined as firing activity exceeding the 95th confidence intervals
(CIs) of the average prestimulus firing rate. Thus, evoked responses are
expressed as significant responses above baseline firing levels, thereby cor-
recting for changes to baseline (spontaneous) firing rates. Peristimulus
time histograms (PSTHs) were generated to analyze responses to repeated
stimuli.

We defined afterdischarges—periods of sustained activity that outlast
a stimulus presentation (Okubo et al., 2013)—as PSTH bins in which ac-
tivity exceeded the 95th confidence intervals for a period lasting at least
5 s after stimulus offset.

CCI-ION
We used a rodent model of neuropathic pain that was induced by CCI-
ION (Bennett and Xie, 1988; Uddin et al., 2018; Raver et al., 2020).
Animals were anesthetized with ketamine/xylazine (100/10mg/kg, i.p.).
We made intraoral incisions along the roof of the mouth, beginning dis-
tal to the first molar. The ION was freed from the surrounding connec-
tive tissue and loosely tied with a silk thread (4–0) 1–2 mm from the
nerves emerging from the infraorbital foramen. Animals were monitored
for 2 d in their home cage as they recovered. Each animal served as its
own control as recordings were compared before and after CCI in each
animal.

CFA
We used CFA to induce persistent inflammatory pain. Animals were
induced with 2–4% isoflurane and injected with 15ml of CFA (catalog
#F5881, Sigma-Aldrich) subcutaneously in the snout, ipsilateral to the
recording site. Animals were monitored for 24 h in their home cage as
they recovered before recording. Each animal served as its own control,
as above.

Behavior
Facial grimace. To assess ongoing pain, we analyzed facial grimace

behaviors in animals placed in the Neurotar Mobile HomeCage, and
images of the face were taken every 60 s for 15min. Animals were scored
with defined action units (AU) that examined orbital tightening, nose
bulging, whisker positioning, and cheek bulging to derive a mouse
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grimace score (MGS; Langford et al., 2010; Akintola et al., 2017). We cal-
culated the MGS as the average score of all the AUs.

Mechanical sensitivity. To assess mechanical sensitivity, animals
were placed in the Neurotar Mobile HomeCage, and von Frey filaments
(North Coast Medical) were applied to the anterior maxillary region, ip-
silateral to CCI or CFA injections. A response was defined by an active
swipe of the filament with the forepaws. We used the up-down method
to determine response thresholds, as described previously (Dixon, 1965;
Chaplan et al., 1994; Akintola et al., 2017; Raver et al., 2020). For each
mouse, baseline response thresholds were determined before CCI-ION/
CFA injections, and thresholds were reassessed on each day of record-
ings from PBN. Hyperalgesia was defined as mechanical withdrawal
threshold�20% below baseline.

Viral construct injection
We anesthetized the animals with isoflurane and placed them in a ste-
reotaxic frame. Either left or right PBN (�5.2 mm AP, 61.5 mm ML,
�2.2 to�2.9 mm DV) was targeted via a small craniotomy. We injected
0.5ml of adeno-associated virus (AAV)9-syn.Flex.GCaMP6f.WPRE.
SV40 (catalog #100833, Addgene) at a rate of 0.1ml/min using glass pip-
ettes (40–60mm tip diameter), coupled to a Hamilton syringe controlled
by a motorized pump. The pipette was left in place for 10min before
being slowly retracted over 5–10min. Head plates were implanted im-
mediately after the virus injections.

Because AAV9 can be transported retrogradely (Castle et al., 2014),
recorded signals might reflect activity in axons projecting to PBN. We
carefully considered this possibility by analyzing histologic sections
through structures that project to PBN. We did not detect retrogradely
labeled cells in any of these structures.

Fiber photometry
Recording. We anesthetized animals using 2% isoflurane and placed

them in a stereotaxic frame. Mice were implanted with a fiber optic
probe (400 mM diameter, 0.39NA; RWD Life Science) in the PBN (�5.2
mm AP,11.5 mmML, �2.2 to �2.5 mm DV); during the same surgery
they were injected with the viral construct, and the head plate was
implanted. The mice were given 3weeks to recover and to allow for viral
expression in their home cage.

For recordings, the fiber optic probe was connected to an RZX10
LUX fiber photometry processor running Synapse software (Tucker-
Davis Technologies) through a Doric Mini Cube (Doric Lenses). LEDs
at 465 nm and 405nm were used for GCaMP excitation and isosbestic
control, respectively. LED power was calibrated weekly using a digital
optical power meter (Thorlabs).

Analysis. We used pMat software (Bruno et al., 2021) to quantify
photometry signals as changes in GCaMP fluorescence. These were con-
verted to z-scores that were time locked using a time window starting 5 s
before the onset of the noxious stimulus and lasting until 30 s poststimu-
lus for each trial. A significant response was defined as one exceeding
the 95% confidence interval of the baseline across all trials. The duration
and AUC were calculated using the significant response of the z-score
averaged across trials.

Conditioning
Recordings. Mice were head restrained in the Neurotar Mobile

HomeCage to enable recordings of single units that are responsive to
noxious heat (as above). When a responsive unit was identified, we pre-
sented a tone (1 s, 100 kHz, 88dB) 10 times, with 2min intervals, with-
out applying noxious heat, while recording neuronal responses and
pupil size. We then administered a conditioning paradigm, where a 1 s
tone [conditioned stimulus (CS)] was paired with a 5 s noxious heat
stimulus, where the tone was presented 3 s after the onset of the noxious
heat, to align with the laser reaching noxious temperature. This pairing
was repeated 15 times at 1min intervals. The CS was presented until
extinction with 2min between presentations of the CS. We then admin-
istered the conditioning paradigm a second time. The CS was again pre-
sented until extinction.

The firing rates of conditioned trials were binned at 0.1 s before
being split into trials time locked at the stimuli onset. A significant

response was defined as exceeding the 95% confidence interval of the
prestimulus baseline across all trials. Group data were quantified using
average firing rate and pupil size, calculated using binned data (0.1 s)
during the stimulation duration (1 s) across trials.

Pupillometry. We videotaped pupils in head-restrained mice, under
low light conditions using a webcam (Logitech Brio). Recordings were
acquired at 30Hz using custom MATLAB scripts and the Image
Acquisition Toolbox (MathWorks). Noxious heat stimulation time
stamps were recorded by a microcontroller (Arduino Uno R3) using a
custom script in Python (https://www.python.org/). These time stamps
aligned the video with the electrophysiological data. Pupil area was
measured from the videos off-line using Facemap software (Stringer et
al., 2019). We excluded times when Facemap detected that the animal
blinked. Pupil area was normalized between [0,1] using the minimum
and maximum value within each recording session. Normalized pupil
areas of conditioned trials were binned at 0.1 s before being split into tri-
als time locked at the stimuli onset. A significant response was defined
as exceeding the 95% confidence interval of the baseline across all trials.

We defined spontaneous activity as activity at least 3min before the
onset of the first stimulus. Firing rates and normalized pupil areas during
this time were binned using a width of 1 s. The normalized pupil areas
were downsampled to accommodate the bins of the spike rate by calcu-
lating the median within each bin. We applied a minimum cutoff of
10Hz to the firing rates. To investigate the relationship between sponta-
neous activity and normalized pupil area we quantified it as the Pearson
correlation coefficient.

To determine the relative time dynamics between firing rates and
normalized pupil area after heat stimuli trials, we calculated a cross-cor-
relation to produce lag values. This was done by binning the firing rates
and normalized pupil areas using a width of 0.1 s and splitting them into
trials, time locked around the stimulus onsets. The lag that maximized
the magnitude of correlation was selected for further analysis. The firing
rates and normalized pupil area used for cross-correlation were then
shifted using this lag before taking the Pearson correlation coefficient.

Statistical analysis
We analyzed group data using GraphPad Prism version 9 for Mac com-
puters (GraphPad) and custom scripts in MATLAB. Unless otherwise
noted, data are presented as median6 95% CI. Unless otherwise indi-
cated, we used nonparametric Mann–Whitney U tests because data were
not normally distributed. Individual statistical tests were run for each
animal, as shown in the figures. We then averaged data from all animals
for each condition to calculate group comparisons, and Cohen’s d was
calculated for effect size. Correlations are Pearson correlations.

Results
Anesthesia suppresses spontaneous and evoked PBN
responses
PBN neurons recorded in urethane anesthetized animals respond
robustly to nociceptive inputs (Bernard and Besson, 1990; Uddin
et al., 2018; Raver et al., 2020; Uddin et al., 2021). We developed
an approach to apply reproducible noxious stimuli to awake,
head-restrained mice while recording well-isolated single units
from the PBN nuclear complex (Figs. 1, 2). Noxious stimuli were
generated by a laser-generated light spot (3 mm diameter) applied
to the snout. This generated a heat stimulus that increased—dur-
ing the 5 s stimulus period—from body temperature to 50°C (Fig.
1A,B, red bar). Figure 1 compares examples of perievent histo-
grams recorded from individual PBN neurons in an anesthetized
mouse (Fig. 1A) and in an awake mouse (Fig. 1B). In the neuron
from the awake animal, spontaneous activity, shown before the
onset of the noxious heat, is markedly higher than that in the
anesthetized animals. The amplitude of the response is also larger
in the neuron from the awake animal.

Group data comparisons quantify the differences in response
properties in anesthetized and awake mice (Fig. 1C–E). Spontaneous
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firing rates were, on average, .5 times higher in awake mice
(Fig. 1C; Cohen’s d, 1.09; p , 10�4; Table 1). As detailed (see
above, Materials and Methods), we considered significant
responses spiking activity that exceeded the 95th percent confi-
dence interval of the average prestimulus firing rate. We computed
response magnitude and duration of these significant response
epochs. Response magnitudes (computed as spikes per stimulus
per bin) were, on average, .5 times higher in awake mice (Fig.
1D; Cohen’s d, 1.49; p¼ 0.003; Table 1) compared with those in
anesthetized mice. Response durations were similar in neu-
rons from awake and anesthetized mice (Fig. 1E; p. 0.99;
Table 1).

No sex differences in PBN neuronal activity
We investigated sex differences by pooling 90
neurons recorded from eight animals (four of
each sex). In naive animals, there were no sex dif-
ferences in spontaneous activity [p ¼ 0.4, median
(males) ¼ 24.65, CI (males) ¼ 20.51,42.72;
median (females) ¼ 29.95, CI (females) ¼
24.38,38.66], response duration [p ¼ 0.84, me-
dian (males) ¼ 4.8, CI (males) ¼ 7.767, 20.94;
median (females) ¼ 5.3, CI (females) ¼ 7.971,
17.63] or response magnitude [p ¼ 0.9, me-
dian (males) ¼ 37.95, CI (males) ¼ 53.29,
166.6; median (females) ¼ 35.05, CI (females) ¼
41.97, 76.39]. Similarly, there were no sex differ-
ences after CCI in spontaneous activity [p ¼
0.34, median (males) ¼ 32.45, CI (males) ¼
28.57, 77.52; median (females) ¼ 25.9, CI
(females) ¼ 22.15, 62.45], response duration
[p ¼ 0.97, median (males) ¼ 10.2, CI (males) ¼
10.09, 15.25; median (females) ¼ 10.85, CI
(females) ¼ 9.53, 19.89], or response magni-
tude [p ¼ 0.07, median (males) ¼ 371.5, CI
(males) ¼ 292, 564.8; median (females) ¼ 154,
CI (females) ¼ 108.5, 422.4].

PBCGRP neurons are activated in response to
acute pain
PBN neurons that respond to noxious stimuli,
and whose activity is related to chronic pain con-
ditions, are in the lateral portion of the PBN
(Uddin et al., 2018; Raver et al., 2020). Many
neurons in this region express CGRP, a peptide
implicated in aversive behaviors, including pain
(Campos et al., 2018; Palmiter, 2018; Chiang et
al., 2020). To test whether PBN neurons that
express CGRP (PBCGRP neurons) respond to
noxious stimuli, we used in vivo calcium
imaging with fiber photometry to record pop-
ulation activity of PBCGRP neurons.

Figure 3, A–C, depicts GCaMP expression in
PBCGRP neurons of a male and female (Fig. 3B,C)
mouse, and the location of the optical fiber (Fig.
3A). An example of a heat-evoked CGaMP
response is shown in Figure 3D. The portions of
the response that exceeds the 95% confidence
interval above the mean baseline levels, indicated
by the dotted horizontal line, was defined as sig-
nificant and is labeled in green. The color bar
shows the increase in heat, from room tempera-
ture to 50°C, which is just above the heat pain
threshold for these animals. This threshold was
determined based on published data and on the

known activation threshold of relevant nociceptors (Yeomans
and Proudfit, 1996; Deuis et al., 2017).

We averaged responses recorded over 4 d from each animal.
The duration and area under the curve (AUC) of these responses
from eight animals (four of each sex) are depicted in Figure 3E.
(Data from the animal shown in Fig. 3D are marked in green
circles in Fig. 3E.) This experiment was not powered to test for
sex differences. These findings demonstrate that PBCGRP neurons
respond robustly to noxious heat stimuli applied to the trigemi-
nal region.

Figure 2. Recording sites in PBN. Locations of recording sites, derived from stereotaxic coordinates, indicated
by red markers (for neurons recorded from awake animals) or blue markers (for neurons recorded from anesthe-
tized animals). Numbers indicate the number of recordings from the same location. KF, Kölliker-fuse nucleus; LPB,
lateral PBN; LPBD, dorsal part of the lateral PBN nucleus; LPBC, central part of the lateral PBN nucleus; LPBE,
external part of the lateral PBN nucleus; LPBI, internal part of the lateral PBN nucleus; LPBS, superior part of the
lateral PBN nucleus; LPBV, ventral part of the lateral PBN nucleus; MPB, medial PBN nucleus; MPBE, external part
of the medial PBN nucleus; scp, superior cerebellar peduncle. Image maps from Paxinos and Franklin (2019).

Figure 1. PBN neurons in anesthetized mice respond substantially differently than in awake animals.
A, B, PSTHs recorded from PBN neurons in a urethane anesthetized (A) and an awake (B) mouse. Color
bar indicates application of heat from a laser, producing temperatures that peak at 50°C. Note different
y-axes scales. C, D, Spontaneous firing rate (C) and magnitude of responses to noxious heat applied to
the face (D) were higher in awake mice (Mann–Whitney U ¼ 109.5, p , 10-4; U ¼ 13, p , 10-4). E,
Response durations were indistinguishable in awake and anesthetized mice. Data are medians and
95% confidence intervals.
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Neuropathic pain is associated with hyperactivity of PBN
neurons in awake animals
We, and others, have shown in anesthetized rodents that
the activity of PBN neurons is amplified in models of
chronic pain (Matsumoto et al., 1996; Uddin et al., 2018;
Raver et al., 2020). We tested whether similar changes occur
also in awake animals. As in our previous studies (Uddin et
al., 2018; Raver et al., 2020), we used the CCI-ION model,
developed by Bennett and Xie (1988), to induce persistent
pain-like behaviors. We tested mechanical hypersensitivity
of the face in head-restrained mice using a modified version
of the up-down method (Chaplan et al., 1994; see above,
Materials and Methods). In each of the four animals with CCI,
mechanical withdrawal thresholds were lower than in pre-CCI
levels (Fig. 4A), indicating that the mice experienced increased

tactile hypersensitivity. These changes were recorded between 8
and 56 d after CCI surgery.

We used mechanical hypersensitivity as a behavioral readout
because the thermal hypersensitivity tests of the face were unreli-
able, as even 0.1 W power differences in the calibrated laser out-
put—the finest differences in power output the laser could
produce—resulted in fluctuating behavioral responses. This may
be because of the high sensitivity of the face to the thermal stimu-
lation. Mechanical sensitivity tests, on the other hand, produced
consistent behavioral responses at each filament level.

To assess ongoing pain, we used the MGS (Langford et al.,
2010; Akintola et al., 2017). MGS scores were higher in mice after
CCI, relative to pre-CCI levels, and remained higher for as long
as they were recorded (up to 8weeks; Fig. 4B), suggesting that
CCI mice were exhibiting persistent, ongoing pain.

Table 1. Statistics for showing the corresponding figure number, animals, metric, comparisons being made, test statistic, medians or means, sample size, and
p values

Figure Animals Metric Comparison Test statistic Median Sample size p Value

1C N/A Spontaneous activity Anesthetized vs
awake

Mann–Whitney U ¼ 109.5 Anesthetized¼ 7.94, awake ¼ 32.80 Anesthetized¼ 23 cells, awake ¼ 39 cells ,10�4

1D N/A Response magnitude Anesthetized vs
awake

Mann–Whitney U ¼ 13 Anesthetized¼ 10.15, awake ¼ 44.35 Anesthetized¼ 23 cells, awake ¼ 28 cells ,10�4

1E N/A Response duration Anesthetized vs
awake

Mann–Whitney U ¼ 112 Anesthetized¼ 4.20, awake ¼ 4.25 Anesthetized¼ 8 cells, awake ¼ 28 cells .0.99

4E F6 Spontaneous activity Pre- vs post-CCI Mann–Whitney U ¼ 18 Pre ¼ 20.50, post ¼ 32.80 Pre ¼ 8 cells, post ¼ 7 cells 0.28
M9 Mann–Whitney U ¼ 14 Pre ¼ 7.47, post ¼ 23.25 Pre ¼ 11 cells, post ¼ 6 cells 0.058
F7 Mann–Whitney U ¼ 41 Pre ¼ 35.35, post ¼ 25.15 Pre ¼ 8 cells, post ¼ 12 cells 0.624
M12 Mann–Whitney U ¼ 56 Pre ¼ 43.90, post ¼ 35.00 Pre ¼ 8 cells, post ¼ 12 cells 0.691

4F F6 Response duration Pre- vs post-CCI Mann–Whitney U ¼ 3.5 Pre ¼ 3.20, post ¼ 9.40 Pre ¼ 6 cells, post ¼ 7 cells 0.009
M9 Mann–Whitney U ¼ 0 Pre ¼ 4.25, post ¼ 9.50 Pre ¼ 6 cells, post ¼ 5 cells 0.0016
F7 Mann–Whitney U ¼ 3 Pre ¼ 4.40, post ¼ 11.90 Pre ¼ 8 cells, post ¼ 11 cells 0.0002
M12 Mann–Whitney U ¼ 0 Pre ¼ 4.70, post ¼ 10.70 Pre ¼ 7 cells, post ¼ 18 cells ,10�4

4G F6 Response magnitude Pre- vs post-CCI Mann–Whitney U ¼ 4 Pre ¼ 24.62, post ¼ 50.35 Pre ¼ 6 cells, post ¼ 7 cells 0.1143
M9 Mann–Whitney U ¼ 12 Pre ¼ 23.70, post ¼ 98.65 Pre ¼ 6 cells, post ¼ 5 cells 0.0353
F7 Mann–Whitney U ¼ 17 Pre ¼ 58.90, post ¼ 307.00 Pre ¼ 8 cells, post ¼ 11 cells 0.0125
M12 Mann–Whitney U ¼ 2 Pre ¼ 64.60, post ¼ 374 Pre ¼ 7 cells, post ¼ 18 cells ,10�4

6A N/A Spontaneous activity Anesthetized vs
awake post-CCI

Mann–Whitney U ¼ 69.50 Anesthetized¼ 11.76, awake ¼ 32.80 Anesthetized¼ 10 cells, awake ¼ 39 cells 0.0012

6B N/A Response duration Anesthetized vs
awake post-CCI

Mann–Whitney U ¼ 115.5 Anesthetized¼ 16.70, awake ¼ 11.15 Anesthetized¼ 10 cells, awake ¼ 38 cells 0.0586

6C N/A Response magnitude Anesthetized vs
awake post-CCI

Mann–Whitney U ¼ 85 Anesthetized¼ 65.70, awake ¼ 282.00 Anesthetized¼ 10 cells, awake ¼ 41 cells 0.0034

7D M10 Spontaneous activity Pre- vs post-CFA Mann–Whitney U ¼ 1 Pre ¼ 2.95, post ¼ 46.70 Pre ¼ 5 cells, post ¼ 7 cells 0.0051
F14 Mann–Whitney U ¼ 25 Pre ¼ 29.80, post ¼ 70.20 Pre ¼ 15 cells, post ¼ 12 cells 0.0009
F15 Mann–Whitney U ¼ 34 Pre ¼ 28.05, post ¼ 46.70 Pre ¼ 14 cells, post ¼ 10 cells 0.0358
M16 Mann–Whitney U ¼ 14 Pre ¼ 26.00, post ¼ 52.00 Pre ¼ 8 cells, post ¼ 13 cells 0.0045

7E M10 Response duration Pre- vs post-CFA Mann–Whitney U ¼ 0 Pre ¼ 3.50, post ¼ 12.50 Pre ¼ 5 cells, post ¼ 7 cells 0.0043
F14 Mann–Whitney U ¼ 3 Pre ¼ 3.90, post ¼ 9.10 Pre ¼ 16 cells, post ¼ 12 cells ,10�4

F15 Mann–Whitney U ¼ 2 Pre ¼ 2.10, post ¼ 9.18 Pre ¼ 15 cells, post ¼ 10 cells ,10�4

M16 Mann–Whitney U ¼ 0 Pre ¼ 3.78, post ¼ 9.60 Pre ¼ 8 cells, post ¼ 13 cells ,10�4

7F M10 Response magnitude Pre- vs post-CFA Mann–Whitney U ¼ 0 Pre ¼ 11.92, post ¼ 136.00 Pre ¼ 5 cells, post ¼ 7 cells 0.0025
F14 Mann–Whitney U ¼ 2 Pre ¼ 17.20, post ¼ 354.30 Pre ¼ 13 cells, post ¼ 12 cells ,10�4

F15 Mann–Whitney U ¼ 0 Pre ¼ 36.60, post ¼ 317.50 Pre ¼ 11 cells, post ¼ 8 cells ,10�4

M16 Mann–Whitney U ¼ 1 Pre¼ 67.60, post ¼ 701.50 Pre ¼ 7 cells, post ¼ 10 cells 0.0002
N/A N/A Spontaneous activity Group data, awake

post-CFA males
vs females

Mann- Whitney U ¼ 198 Males ¼ 51.7, females ¼ 61.9 Males ¼ 20 cells, females ¼ 22 cells 0.59

N/A N/A Response duration Group data, awake
post-CFA males
vs females

Mann- Whitney U ¼ 150.5 Males ¼ 12.3, females ¼ 10.7 Males ¼ 20 cells, females ¼ 22 cells 0.1286

N/A N/A Response magnitude Group data, awake
post-CFA males
vs females

Mann- Whitney U ¼ 166 Males ¼ 432.4, females ¼ 415 Males ¼ 20 cells, females ¼ 22 cells 0.916

8B N/A N/A Firing rate vs pupil
size correlation

Spearman’s r ¼ 0.542 N/A N ¼ 301 correlated values 2.36e�24
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We compared recordings of well-isolated single units
from PBN in the same mice before and after CCI. There
were distinct changes in the response magnitude and dura-
tion, but not the spontaneous activity, of PBN neurons after
CCI (Fig. 4E–G). Figure 4 shows an example of perievent
rasters and perievent histograms recorded from individual
PBN neurons in the same animal before (Fig. 4C) and 7 d af-
ter CCI (Fig. 4D). The neuron recorded after CCI showed
an increase in both the magnitude and the duration of
responses to heat stimuli applied to the face. In this neuron,
spontaneous activity is also higher after CCI; however,
when averaged across animals, spontaneous activity did not
change after CCI (see below). The neurons recorded before
CCI began responding at ;50°C, presumably the noxious
threshold. In contrast, the neuron recorded after CCI began
to fire at temperatures well below noxious threshold, at
;30°C (Fig. 4C,D). Before CCI, all neurons from all animals
responded only to noxious temperatures; after CCI, all neu-
rons also responded to innocuous temperatures.

We quantified the differences in response properties before
and after CCI for each of the mice (Fig. 4E–G). We included, as
post-CCI data, neurons recorded from 2 to 8 weeks after CCI, a
period in which all animals displayed tactile hypersensitivity and
increased MGS scores. There was no difference in spontaneous fir-
ing rates after CCI in any of the animals (Fig. 4E), but there was
an increase in the magnitude of the response (Fig. 4G; Table 1)
and response duration (Fig. 4F; Table 1). The magnitude of the
responses was three times larger after CCI (Fig. 4G; effect size, 0.5;
p , 10�4), and response durations were 3.25 times longer (Fig.
4F; effect size, 0.5; p, 10�4). Median response duration after CCI
was 10.5 s, far outlasting the duration of the stimulus. These pro-
longed responses are defined as afterdischarges (Matsumoto et al.,
1996; Uddin et al., 2018; Raver et al., 2020). The increase in
response duration is consistent with our previous findings in ure-
thane anesthetized rodents, demonstrating that chronic pain is
associated with an increase in the incidence and duration of after-
discharges in PBN neurons (Uddin et al., 2018; Raver et al., 2020).

Time course of changes in PBN activity
By recording from awake animals, we were able to investigate the
time course of the PBN activity before and after the induction of

nerve injury and to determine the relationship
between the activity of PBN neurons and the
pain behaviors in individual animals. Figure 5
plots the duration (Fig. 5A) and magnitude
(Fig. 5B) of responses in each of the neurons,
pooled from the four animals, across time.
Response duration and magnitude remained
elevated relative to pre-CCI levels for at least
5 weeks post-CCI period, a period in which the
animals experienced hyperalgesia (Fig. 5A). We
recorded a small number of neurons from ani-
mals 6–8 weeks post-CCI; although some of
these neurons had elevated activity (Fig. 5A,B),
the small sample size precludes conclusions
about activity levels at these time points.

Urethane anesthesia suppresses the effects of
CCI on PBN activity
We showed above that urethane anesthesia sup-
presses the responses of PBN neurons to acute
nociceptive inputs (Fig. 1). We also showed that
CCI results in amplification of PBN responses

recorded from awake rodents (Fig. 4). Here, we tested whether
this amplification was affected by urethane anesthesia. That is,
we directly compared PBN activity after CCI, in anesthetized ver-
sus awake mice.

Group data comparisons quantified the differences in
responses to noxious heat stimuli in anesthetized and awake
mice after CCI (Fig. 6). Spontaneous firing rates were .3
times higher in awake mice (Fig. 6A; effect size, 4.5; p ¼
0.03). Response magnitudes were .5 times higher in awake
mice (Fig. 6C; effect size, 5.5; p ¼ 0.003). Response dura-
tions were similar in neurons from awake and anesthetized
mice (Fig. 6B; p. 0.99). These findings indicate that spon-
taneous activity and responses to noxious stimuli in PBN
neurons of CCI mice are larger in the awake mice com-
pared with urethane anesthetized animals but that the du-
ration of afterdischarges is similar in these conditions.

Inflammatory pain is associated with hyperactivity of PBN
neurons in awake animals
To determine whether similar changes in PBN activity
occur also in other models of pain, we induced in a separate
group of animals inflammatory pain by injection of CFA in
the snout. We assessed tactile hypersensitivity levels at the
snout daily on each of the 3 d before CFA injections and on
days 2–6 after injections. After CFA, mechanical thresholds
decreased (Fig. 7A) indicating that the mice were experienc-
ing increased tactile hypersensitivity.

Between 2 and 6 d after CFA application, there were
changes in the spontaneous and evoked activity of PBN neu-
rons. Figure 7 depicts an example of perievent rasters and
perievent histograms recorded from individual PBN neurons
in the same animal before (Fig. 7B) and after CFA (Fig. 7C).
After CFA, there were increases in spontaneous activity,
response duration, and response magnitude in all animals
tested (Fig. 7D–F).

We quantified the differences in response properties before
and 6d after CFA in each of the awake mice (Fig. 7D–F). Unlike
in CCI animals, there was an increase in spontaneous firing rates
after CFA (Table 1). Neurons from all animals were pooled into
pre- and post-CFA groups, revealing an average 3.3-fold increase
in spontaneous activity (Fig. 7D; effect size, 0.49; p , 10�4). The

Figure 3. PBCGRP neurons respond to noxious stimuli. A–C, GCaMP expression in PBCGRP neurons of a male (B) and
female (C) mouse, and the location of the optical fiber (A). D, Heat-evoked GCaMP response, with a significant portion of
the response—exceeding the 95th confidence intervals above the baseline levels—indicated by dotted horizontal line and
labeled in green. Color bar shows the increase in heat from room temperature to 50°C. E, Response duration and AUC of
these responses, from eight animals (4 of each sex). Data from the animal shown in D are marked in a green circle.
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increase in spontaneous activity may reflect the persistent
inflammatory nature of CFA pain, which may not be as promi-
nent in animals with CCI. Just as with the CCI animals, response
durations were 2.7 times longer (Fig. 7E; effect size, 0.49; p ,
10�4) and response magnitudes were 2.7 times larger after CFA
(Fig. 7F; effect size, 0.52; p , 10�4) in all animals tested,

indicating the presence of amplified afterdischarges. Together
with the CCI data, these data indicate that mouse models of both
neuropathic pain (CCI) and inflammatory pain (CFA) are asso-
ciated with hyperactivity of PBN neurons in awake mice.

We investigated sex differences by pooling 42 neurons
recorded in all four animals (two males and two females). In
animals recorded after CFA injections, there were no differ-
ences in spontaneous activity [p ¼ 0.59, median (males) ¼
51.7, CI (males) ¼ 43.94, 100.7; median (females) ¼ 61.9, CI
(females) ¼ 51.64, 98.86], response duration [p ¼ 0.13, me-
dian (males) ¼ 12.3, CI (males) ¼ 10.54, 16.21; median
(females) ¼ 10.7, CI (females) ¼ 10.04, 11.94], or response
magnitude [p ¼ 0.92, median (males) ¼ 432.4, CI (males) ¼
307.8, 662.3; median (females) ¼ 340, 566.9].

PBN activity is correlated with arousal
A benefit of recording from awake animals is the ability to test
the hypothesis that PBN activity can be modulated by the behav-
ioral state of an animal. One approach to assess behavioral states
is to measure pupil size as a proxy of the arousal state (de Gee et
al., 2020).

Figure 4. Neuropathic pain is associated with hyperactivity of PBN neurons in awake animals. A, B, Time course of reductions in facial tactile hypersensitivity (A) and increases in mouse
grimace scores (B) in each of the four mice (M, male; F, female) after CCI. C, D, Representative raster plots and PSTHs of neurons recorded from the same animal before (C) and after (D) CCI,
in response to noxious heat applied to the snout. Color bar shows the increase in heat from room temperature to 50°C. E–G, In each of the mice, spontaneous activity was not affected after
CCI (E), whereas response durations (F) and magnitudes (G) increased. Data represent medians and 95th confidence intervals; p values derived from Mann–Whitney tests.

Figure 5. Time course of changes in PBN activity after CCI. A, B, Response durations (A)
and magnitudes (B) remain elevated for at least 5 weeks post-CCI (B). Purple markers indi-
cate neurons recorded while animals displayed tactile hyperalgesia. Individual data represent
individual neurons, and black bars depict weekly median values.
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Spontaneous activity rates were correlated with pupil area.
Figure 8A depicts a representative recording session, plotting
both pupil area (blue) and the spontaneous firing rate of a PBN
neuron (red) for each 100ms bin of a 5min recording epoch.
Note that increases in the neuronal firing rate appear to immedi-
ately precede pupil dilations. Figure 8B quantifies this relation-
ship by plotting instantaneous neuronal firing rates (1 s bins)
against the pupil area, demonstrating a positive correlation be-
tween these metrics (r ¼ 0.54). A significant positive correlation
was seen in 14 of 17 cells across all 7 animals tested (four males,
three females), with r values ranging from 0.12 to 0.55. These
findings suggest that arousal states—approximated by pupil area
—correlate with changes in PBN activity.

To determine whether arousal states affect evoked responses
of PBN neurons, we constructed and overlayed PSTHs (0.1 s bin
size) of neuronal activity and pupil area (Fig. 8C), averaged over
multiple recording epochs. The PSTHs were aligned to the onset
of the 5 s heat stimuli applied to the snout. Pupil dilation and
PBN activity after the onset of the noxious heat were highly cor-
related (Fig. 8C,D; r ¼ 0.83, p¼ 1.75� 10�13). A significant pos-
itive correlation was seen in 13 neurons from seven animals
tested, with r values ranging from 0.5 to 0.9. Four cells had a neg-
ative correlation (Fig. 8D).

To determine whether changes in firing rates preceded or fol-
lowed pupil dilation, we used cross-correlation analysis to obtain
time-lagged Pearson correlation coefficients (Box et al., 2015). By
incrementally shifting the binned firing rate time series relative
to the pupil area, finding the correlation, and identifying the
temporal shift (lag) that results in maximal correlation, it is pos-
sible to determine a leader–follower relationship. This analysis
revealed that there was a positive lag in most cells (15 of 17),
indicating that PBN activity preceded pupil area (Fig. 8E).

Auditory conditioning of PBN activity
Pairing activation of PBN neurons with sucrose produces robust
and long-lasting conditioned taste aversion in mice, whereas sup-
pressing PBN activity suppresses the acquisition and expression
of this conditioned aversion (Carter et al., 2015; Chen et al.,
2018). These findings suggest that the activity of PBN neurons
can be conditioned to respond to innocuous stimuli. To test this,
we conditioned head-restrained mice by pairing an auditory tone
(1 s, 100 kHz, 80 dB) with a noxious heat stimulus applied to the

snout. We did this while recording from nociceptive neurons in
the PBN nucleus. Figure 9 depicts an example of one of these re-
cording sessions.

Before conditioning, this PBN neuron responded to the
heat stimulus (Fig. 9A) but not to the auditory stimulus (Fig.
9B). We then delivered a conditioning paradigm using 15
pairings of auditory tone (1 s) and heat (5 s) stimuli. We pre-
sented the auditory stimulus 3 s after the onset of the noxious
heat stimulus so that the auditory stimulus was presented
just before the heat reaches noxious temperatures. After the
pairing session, the neuron responded robustly to the audi-
tory tone and continued to do so for a median of 13 presenta-
tions of the tone (delivered every 120 s; Fig. 9B; range, 16–10
stimuli). After the tone responses extinguished, we delivered
a second session of 15 pairings of the auditory tone and heat
stimuli, after which the neuron again began responding to
the auditory stimulus and did so for the next 14 stimuli until
this auditory response extinguished (Fig. 9D; median, 13.5
stimuli; range, 20–9 stimuli). Sham pairings, where the audi-
tory tone was presented without the noxious heat stimulus,
had no effect on PBN activity (Fig. 9, gray traces).

We conditioned nociceptive PBN neurons to auditory stimuli
in 24 neurons from six animals (three of each sex), using the con-
ditioning paradigm described above while measuring pupil area.
None of these neurons responded to auditory stimuli before con-
ditioning but responded to the auditory stimuli after condition-
ing. Responses to auditory stimuli were evoked for at least 6 and
up to 22 stimuli presentations (median, 13 stimuli) after the con-
ditioning, with a median response magnitude of 89.79Hz (Fig.
9C). All neurons could be conditioned again after extinction of
the auditory stimuli (Fig. 9E; median, 64.97Hz). Pupil area
increased during the auditory tone (median, 0.41) after condi-
tioning in 10 of 14 trials recorded across six animals (Fig. 9F),
and pupil area increased again after the second condoning (Fig.
9I; median, 0.41). These data suggest that PBN neurons that
respond to noxious heat stimuli can be conditioned to respond
to an innocuous auditory tone.

Discussion
Urethane anesthesia alters properties of PBN neurons
Much of what we know about the neurophysiology of nocicep-
tion and pain originates from studies using anesthetics that may
alter neuronal responses to noxious stimuli. For example, both
propofol and isoflurane suppress responses of PBN neurons
(Luo et al., 2018). We and others have found that PBN neurons
do respond to noxious stimuli under urethane anesthesia
(Bernard and Besson, 1990; Uddin et al., 2018; Raver et al., 2020;
Uddin et al., 2021). We chose urethane in those studies because
it produces—in cortical networks—less disruption of synaptic
transmission and neuronal activity compared with isoflurane
(Sceniak and Maciver, 2006; Shumkova et al., 2021) and because
urethane provides improved systemic physiologic conditions for
brainstem recordings compared with ketamine (Lee and Jones,
2018).

In the present study we show that responses recorded
under urethane are different from the ones recorded in
awake animals. In awake animals, spontaneous PBN neuro-
nal activity is, on average, three times higher, and PBN
responses to noxious stimuli are, on average, five times
larger in amplitude than those in urethane anesthetized
animals. In contrast, response duration was indistinguish-
able in awake and urethane anesthetized animals.

Figure 6. PBN neurons after CCI are different in awake animals. A, Post-CCI spontaneous
firing rates recorded from awake mice were higher than in anesthetized mice. B, There was
no difference in response duration in response to noxious heat applied to the face. C,
Response magnitude was higher in awake mice than in anesthetized mice in response to
noxious heat applied to the face. Markers represent cells (n ¼ 10 cells for anesthetized and
44 for awake mice). Data represent medians and 95th confidence intervals.
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PBCGRP neurons respond to noxious stimuli
PBN neurons expressing CGRP have been implicated in driving
pain behaviors. Inhibition of PBCGRP neurons attenuates pain
behaviors (Han et al., 2015). PBCGRP neurons are also involved in
acute pain perception as they respond to acute noxious stimuli
(Campos et al., 2018; Kang et al., 2022). Our findings corroborate
this conclusion, demonstrating that populations of PBCGRP neu-
rons respond robustly to thermal noxious stimuli.

One study reported that CGRP application in PBN can pro-
duce analgesia and that this effect is blocked by subnanomolar

concentrations of a CGRP antagonist (Wang et al., 2021). To
our knowledge, this is the only report suggesting that CGRP
might be antinociceptive. In contrast, we and others have
found that PBCGRP neurons robustly increase their activity in
response to noxious stimuli.

PBN activity correlates with internal states
Recordings from awake animals are required to determine how
internal states might affect PBN activity and pain perception.
Internal states directed toward distractions, such as cognitively

Figure 7. Inflammatory pain is associated with hyperactivity of PBN neurons in awake animals. A, Time course of reductions in facial tactile hypersensitivity in each of the four mice (M,
male; F, female), after CFA injection. B, C, Representative rasters and PSTHs computed for neurons recorded from the same animal before (B) and after (C) CFA injection in response to noxious
heat applied to the snout for 5 s. The color bar shows the increase in heat from room temperature to 50°C. D, Spontaneous firing rates increased in three of the four animals after CFA injec-
tions. E, F, Both response duration (E) and magnitude (F) increased after CFA in each of the animals. Data represent medians and 95th confidence intervals.

Figure 8. PBN activity is correlated with arousal states. A, Representative traces depicting spontaneous firing rates (red) of PBN neurons and normalized pupil area (blue). B, These metrics
were positively correlated. C, Averaged (and 95 CI) traces of firing rate of PBN neurons (red) and pupil area (blue) in response to noxious heat applied to the snout. D, The lag-shifted correlation
values suggest that firing rate and pupil area changes are positively correlated (n¼ 17 cells, 7 animals). E, The positive lag value after cross-correlation suggests that changes in firing rate pre-
ceded changes in pupil area (n¼ 17 cells, 7 animals).
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demanding tasks, can affect pain perception. Detection of a nox-
ious stimulus is compromised while performing a working-
memory-intensive task (Buhle and Wager, 2010). Inflammatory
pain is attenuated in states of hunger through a process involving
neuropeptide Y (NPY) signaling (Alhadeff et al., 2018); manipulat-
ing NPY in PBN can mimic hunger states, suggesting a role of
PBN in this state-dependent pain modulation. Similarly, suppress-
ing PBN activity inhibits arousal (Kaur et al., 2017), whereas acti-
vating PBN neurons increases arousal (Kaur and Saper, 2019).

We found a direct correlation between PBN activity and
arousal, as measured by pupil area, during presentation of a nox-
ious stimulus. As increases in PBN activity preceded pupil dila-
tion, PBN activity may be influencing internal states. A potential
concern is that thermal stimulation may directly lead to pupil di-
lation, independent of central mechanisms. This is because ther-
mal stimulation of the snout activates the V1 branch of the
trigeminal nerve (Kim et al., 2014), potentially causing pupil dila-
tion via the ciliary nerve, which contains fibers from the V1
branch of the trigeminal nerve (Joo et al., 2014; McDougal and
Gamlin, 2015). However, our finding that pupil size and PBN

activity are correlated in the absence of heat stimuli argues
against this possibility.

Nociceptive PBN neurons can be conditioned to respond to
an auditory tone
In addition to its role in nociception and arousal, the PBN is also
involved in aversive behaviors. For example, stimulating the PBN
induces conditioned taste aversion, whereas silencing it attenuates
conditioned taste aversion (Carter et al., 2015; Chen et al., 2018).
Optogenetic stimulation of the PBN nucleus induces context-
dependent freezing, demonstrating its involvement with threat
memory and fear conditioning (Han et al., 2015; Campos et al.,
2018; Bowen et al., 2020). Although these studies show that PBN
neurons are necessary and sufficient for fear conditioning, they
do not elucidate the underlying function of specific PBN neurons.
We found that the same PBN neurons that respond to noxious
stimuli can be conditioned to respond to non-noxious stimuli.
Increases in pupil size mirrored this conditioned behavior. These
findings suggest that conditioned aversion may involve plasticity
in the response properties of PBN neurons, consistent with

Figure 9. Innocuous auditory conditioning of PBN responses. A, B, A PBN neuron that responds to noxious heat stimuli (A) does not respond to an innocuous tone before conditioning (B,
black trace) but responds robustly to the tone after a conditioning (red). C, Representative traces showing the same PBN neuron undergoing extinction (black) and responses after a second con-
ditioning paradigm (red). D, Similarly, pupil responses to the innocuous auditory stimulus appear only after the conditioning paradigm (blue). E, Recordings from the same neuron after extinc-
tion of the conditioned responses (black trace) and after reconditioning the auditory response (blue). Data represent averages and 95th confidence intervals, indicated by the horizontal dotted
lines. F, Similarly, pupil responses to the innocuous auditory stimulus appear only after the conditioning paradigm (blue). G, Average pupil area after a conditioning paradigm for all 6 animals.
H, Recordings from the same neuron after extinction of the conditioned responses (black trace) and after reconditioning the auditory response (blue). I, Average pupil area after the second con-
ditioning paradigm for all 6 animals. Data represent averages and 95th confidence intervals, indicated by the horizontal dotted lines.
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evidence for a causal role of the PBN in conditioned aversive
behaviors (Carter et al., 2015; Campos et al., 2018; Chen et al.,
2018; Bowen et al., 2020).

The auditory-noxious stimulus conditioning paradigm in our
study evoked short-lasting conditioning of both pupil dilation
responses and PBN responses to the conditioned auditory stimuli
(Fig. 9). In contrast, conditioned aversion induced by pairing
direct stimulation of the PBN with tastants, or pairing tastants
with appetite-suppressing substances, produced aversive behaviors
that can last days (Carter et al., 2015; Campos et al., 2018; Chen et
al., 2018; Bowen et al., 2020). A causal role for the PBN in this
long-lasting aversion is supported by finding that suppressing
PBN activity attenuates the conditioned behavior (Carter et al.,
2015; Campos et al., 2018; Chen et al., 2018; Bowen et al., 2020).

Our findings (Fig. 9) confirm that individual PBN neurons
can respond to multiple modalities (Sammons et al., 2016;
Campos et al., 2018; Bowen et al., 2020), including noxious stim-
uli (Kang et al., 2022). Individual PBN neurons can respond dur-
ing the conditioning phase, where a noxious stimulus is paired
with a non-noxious tone, but they do not respond when pre-
sented with the conditioned tone 24 h later (Kang et al., 2022).
Our findings show that the same PBN neurons that respond to
noxious heat can be rapidly conditioned to respond to an audi-
tory tone, confirming that PBN neurons may be responsible for
aversive memory formation. However, we also show that this
conditioned response is short lived, lasting only up to 1 h after
conditioning, suggesting that PBN neurons may be involved in
short-term aversive memory retrieval but not in long-term aver-
sive memory retrieval.
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