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The nocebo effect, opposite of the better-known placebo effect, in which
anticipation of harm worsens pain and other symptoms, is increasingly
thought to be responsible for poor clinical outcomes. In humans, nocebo
hyperalgesia (i.e., increased pain sensitivity) is blocked by proglumide, a

cholecystokinin (CCK) receptor antagonist. Yet, the neural circuitry underlying
nocebo hyperalgesia remains unidentified, largely due to a lack of appropriate
animal models. Here, we developed distinct mouse models of CCK-dependent
nocebo hyperalgesia in which the expectation of pain was elicited by con-
textual or social cues. We find that these nocebo paradigms share a neural
circuit involving CCK release from neurons projecting from the anterior cin-
gulate cortex to the lateral periaqueductal gray. This pathway could represent
a promising target for therapeutic interventions in pain-related disorders.

Environmental and social cues are pivotal in shaping our perceptions
of pain, influencing both placebo and nocebo effects'™. Placebo
analgesia arises when the positive expectation of pain relief triggers
authentic analgesic outcomes, even without active painkillers—a con-
cept widely explored in human studies* ™ and recently in animals”®. In
the nocebo effect as it relates to pain, negative expectancies—created
either by verbal suggestion, prior experience, or other contextual
factors—lead to pain hypersensitivity or hyperalgesia’. Seminal work
on nocebo hyperalgesia in humans by Benedetti and colleagues sug-
gested that it was mediated by the peptide neurotransmitter chole-
cystokinin (CCK), as the CCK antagonist proglumide was able to
abolish the nocebo effect (and potentiate placebo analgesia) in hidden
injection experiments'®". Very little is known about the biology of the

nocebo effect beyond this due to the lack of appropriate animal
models.

Rodents are capable of acquiring negative pain expectations both
through direct associative learning®”® and through social
observation'*, and both forms of learning can produce nocebo
hyperalgesia in humans>°. The anterior cingulate cortex (ACC),
implicated in the aversive dimension of pain'”'é, is recruited during
threat anticipation and defensive responding'®**, positioning it as a
key site for learned negative pain expectations. Expectation-
dependent changes in pain engage descending modulatory circuits,
suggesting that cortical regions encoding threat predictions may
influence nociceptive processing via midbrain and brain stem
pathways®. Consistent with this, the ACC contributes to descending
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facilitation that biases brainstem and spinal circuits toward heightened
sensitivity and pain-related action***. The ACC projects to the peria-
queductal gray (PAG), a key hub for descending pain control, and
human imaging studies suggest that nocebo responses engage rostral
PAG regions distinct from those involved in placebo analgesia®. These
findings implicate ACC-PAG circuitry in expectancy-driven pain
hypersensitivity, but the cellular and neurochemical composition of
this circuit remain unknown, and whether CCK signaling within this
circuit contributes to nocebo hyperalgesia has not been tested.

Here, we describe experiments undertaken independently by two
laboratories, investigating the neurochemistry underlying nocebo
hyperalgesia produced either by conditioning mice to a context pre-
viously associated with tonic pain'>” or by social exposure to con-
specifics in pain®™. We hypothesized that environmentally conditioned
and socially enhanced pain expectations rely on shared mechanisms
that use CCK as a neurotransmitter. Using a combination of pharma-
cological, anatomical, and viral circuit-based approaches, we show that
both phenomena depend on CCK receptor activation and identify a
circuit involving CCKergic neurons projecting from the ACC to the
lateral PAG that is required for nocebo hyperalgesia across paradigms.

Results

Inhibition of CCK receptors blocks nocebo pain hypersensitivity
in mice

In humans, conditioning-based negative expectations have been
shown to induce nocebo hyperalgesia'®*®. Thus, we posited that prior
exposure to pain coupled with subsequent presentation of cues
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Fig. 1| Contextual and social nocebo pain behavior in mice depends on cho-
lecystokinin receptors. a Timeline of contextual nocebo conditioning using hind
paw incision. Created in BioRender. Martin, L. (2026) https://BioRender.com/
fpd01h4. Manual von Frey thresholds for C57BL/6 mice tested in the same context
(bn=8mice, 4 M, 4 F), adifferent context (c n=9 mice, 5 M, 4 F), the same context
following proglumide (Prog.; d n =9 mice, 5M, 4 F), or LY 225910 (e n =8 mice, 4 M,
4 F). f Timeline of contextual nocebo conditioning using chronic constriction injury
(CCI). Created in BioRender. Martin, L. (2026) https://BioRender.com/ah2goxr.
Manual von Frey thresholds in male CD-1 mice tested in the same context (g n=10
mice), a different context (h n =8 mice), the same context following LY 225910

(i n=10 mice), or a different context following LY 225910 (j n = 8 mice). k Timeline
of the social nocebo procedure. Created in BioRender. Martin, L. (2026) https://
BioRender.com/0690523. 1 Chemical sensitivity using a low-dose formalin assay in
no pain observers (NPO, n = 25 mice, 15 M, 10 F), pain observers (PO, n =33 mice, 23
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associated with that pain would generate a negative expectation,
leading to heightened pain sensitivity in mice, a phenomenon depen-
dent on the CCK system. To test this, we used a conditioned pain
hypersensitivity protocol that involved a single pairing of an uncon-
ditioned stimulus (UCS; hind paw incision, Fig. 1a) with a conditioned
stimulus (CS; environmental context). In our protocol, mice were then
returned to the same context 6 days later, after surgical incision sen-
sitivity had resolved (Supplementary Fig. 1), to assess whether re-
exposure to the pain-paired context was sufficient to elicit conditioned
pain hypersensitivity. When unilateral hind paw incision pain was used
as the UCS, robust mechanical hypersensitivity was observed after
mice were returned to the same context (Fig. 1b), but not different
context (Fig. 1c), an effect that was also observed for thermal hyper-
sensitivity (Supplementary Fig. 2). Context-dependent hypersensitivity
was blocked by systemic administration of proglumide, a nonspecific
CCK receptor antagonist (Fig. 1d), and by the CCK-2-selective antago-
nist LY 225910 (Fig. le), consistent with a CCK-dependent contextual
nocebo-like effect. Conditioned hypersensitivity was also present in
the contralateral hind paw and was abolished by both antagonists
(Supplementary Fig. 3), with the effect of LY 225910 replicated in CD-1
mice in an independent experiment (Supplementary Fig. 4).
Context-dependent hypersensitivity extinguished with repeated
testing by day 9, whereas delaying context retrieval to day 9 still
revealed the effect, which likewise extinguished with repeated testing
sessions (Supplementary Fig. 5). To determine whether extinction
could be induced by context re-exposure alone, separate cohorts were
returned to the pain-paired context without test stimulus application
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M, 10 F), and PO + Prog. (n = 21 mice, 12 M, 9 F). m Electronic von Frey thresholds in
male C57BL/6 mice at baseline (BL), O, 4, and 24 h following social interaction; NPO
(n=11 mice), PO (n =12 mice), and PO + Prog. (n =11 mice). n, o Electronic von Frey
thresholds in male C57BL/6 mice at baseline and post-social interaction in vehicle-
treated (n =8 mice) and LY 225910-treated mice (n =8 mice). Box plots (b-e, g-j)
show the median and interquartile range with paired measurements from indivi-
dual mice. Symbols in (I, m) show mean + SEM. Statistical analysis used two-way
ANOVA (b-¢, I-0); three-way ANOVA (g-j). *p < 0.01, **p < 0.001 from Sidak-
corrected post hoc comparisons or paired two-sided t-tests with Bonferroni cor-
rection. Exact p values: b 8.1 x10™; g1.6 x1075;10.0016 (NPO vs. PO) and 0.002 (PO
vs. PO +Prog.); m 0 h: 2.54 x 1077 (NPO vs. PO) and 8.0 x 10°° (PO vs. PO + Prog.). 4 h:
6.7 x107 (NPO vs. PO) and 1.12 x10°° (PO vs. PO + Prog.). n 4.68 x 102, Full statis-
tical reporting is provided in Supplementary Data 1. Source data are provided as a
Source data file.
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prior to assessment on day 6 (Supplementary Fig. 6a). Prolonged re-
exposure (5 h per day) abolished context-dependent hypersensitivity,
whereas shorter re-exposure (3h per day) produced only a partial
attenuation of the response (Supplementary Fig. 6b, c).

We next asked whether chronic constriction injury (CCI) of the
sciatic nerve, a unilateral peripheral nerve injury producing neuro-
pathic pain, could similarly produce conditioned pain hypersensitivity
when mice were returned to the same context 14 days after injury
(Fig. 1f). As with hind paw incision, mice tested in the CCl-paired
context showed a significant reduction in mechanical withdrawal
thresholds at day 14 (Fig. 1g), whereas no effect was observed in mice
placed in a different context (Fig. 1h). Context-dependent hypersen-
sitivity following CCI conditioning was likewise prevented by admin-
istration of the CCK-2-selective antagonist LY 225910 (Fig. 1i, j), and, as
in the incision model, extended to the contralateral paw (Supple-
mentary Fig. 7). Finally, independent cohorts showed no sex differ-
ences after either hind paw incision (Supplementary Fig. 8a-c) or CCI
(Supplementary Fig. 8d-f) conditioning.

Since social cues, such as witnessing others in pain, also trigger
nocebo hyperalgesia in humans>?* and facilitate pain in animals'*'>*°-,
we next sought to determine whether the CCK system also mediates
the social enhancement of pain in mice. To address this, we adapted a
one-in-pain social interaction assay in which a naive mouse (i.e., pain
observer, PO) interacted with a cagemate displaying signs of visible
pain following an intraplantar injection of formalin (i.e., pain demon-
strator, PD). PO mice were then subsequently tested for pain responses
(either low-dose formalin or mechanical sensitivity) in the absence of
PD mice (Fig. 1k). After social interaction, PO mice exhibited increased
hind paw licking in response to a low-dose formalin injection com-
pared to no pain observer (NPO) mice that interacted with a cagemate
injected with saline (i.e., no pain demonstrator, NPD). Increased sen-
sitivity in PO mice was blocked by systemic proglumide administration
(Fig. 11). PO mice showed increased mechanical sensitivity, measured
using the electronic von Frey test, immediately and 4 h after social
interaction, but not at 24 h. This effect was blocked by systemic pro-
glumide (Fig. Im) or LY 225910 (Fig. 1n, o) administered prior to social
interaction. Proglumide administered after the social interaction
similarly prevented the increase in pain sensitivity (Supplementary
Fig. 9). During the 30-min social interaction, PD mice displayed overt
hind paw licking, while NPD mice displayed little to no hind paw licking
(Supplementary Fig. 10a). During social interaction, active attending
behavior was increased in PO mice, which was not affected by pro-
glumide (Supplementary Fig. 10b). However, PO mice showed
increased propinquity (i.e., physical proximity) toward their social
partner, which was blocked by proglumide (Supplementary Fig. 10c).

In addition to pain, nocebo is typically accompanied by anxiety,
anticipatory fear, and stress*, raising the possibility that CCK antag-
onism could reduce hypersensitivity by attenuating a generalized
stress-related state. To determine whether CCK signaling contributes
more broadly to stress- or fear-related pain modulation, we examined
the effects of CCK antagonism in a predator-threat paradigm (Sup-
plementary Fig. 11a) that elicits robust anxiety-like behavior and stress-
evoked hypersensitivity***°. In contrast to our nocebo paradigms, CCK
antagonism failed to attenuate threat-evoked hypersensitivity (Sup-
plementary Fig. 11b), avoidance (Supplementary Fig. 11c, d), uncondi-
tioned freezing to the threat stimulus (Supplementary Fig. 1le), or
conditioned freezing upon re-exposure to the threat-paired context
(Supplementary Fig. 11f). This suggests that CCK signaling is not
required for innate defensive responses but is necessary for
expectancy-dependent amplification of pain.

CCK receptors mediate nocebo hyperalgesia within the lateral
periaqueductal gray

For these next experiments, we aimed to demonstrate that activation
patterns in the PAG were not specific to any model but rather

indicative of the broader nocebo effect. Thus, we used the conditioned
pain (i.e., hind paw incision as the UCS) and social pain observation
assays to characterize active (i.e., c-Fos-positive) neurons within the
PAG (Fig. 2a, b). A survey of the PAG along its rostral-caudal axis
(Fig. 2c) revealed similar c-Fos-positive activation patterns in the
contextual and the social nocebo assays. Specifically, the contextual
and social nocebo assays showed no change in the precommisural
nucleus (Prc), which is the most anterior portion of the PAG (aPAG,
Fig. 2d). However, within the intermediate portion (imPAG; bregma
-3.6 to —3.9 mm) of the nucleus, we observed increased c-Fos-positive
neurons in the dorsomedial (dmPAG), dorsolateral (dIPAG) and lateral
(IPAG) columns of mice returned to the same context (contextual
nocebo) and in PO mice (social nocebo) (Fig. 2e), which was blocked by
pre-treatment with proglumide in both paradigms. No apparent dif-
ference between the conditions for either assay was observed in the
posterior PAG (pPAG; bregma —4.7 to —4.9 mm) in any of the columns
(Fig. 2f). Representative images for c-Fos staining are shown for the
imPAG for contextual and social nocebo in Fig. 2g, h, respectively.

Next, we sought to determine whether CCK receptors in the
intermediate dmPAG or IPAG were critical for nocebo pain behavior in
mice. To do this, we cannulated mice in both regions and tested
whether application of proglumide interfered with contextual or social
nocebo pain. We also infused CCK-8S into these regions to assess
whether activation of CCK receptors was sufficient to evoke pain
behavior. The intermediate dmPAG was selected due to its well-
established role in sustained fear and anxiety states*~*, while the IPAG
was chosen for its involvement in social behavior* and pain
processing*°—both of which are highly relevant to nocebo pain beha-
vior. Although we observed increased c-Fos-positive cells in the dIPAG
of our nocebo groups, this region is largely associated with active
defensive behaviors", such as escape, which are less relevant to noci-
ceptive processing of social stimuli. Mice infused with proglumide into
the intermediate dmPAG continued to show enhanced pain behavior in
the contextual and social nocebo models (Fig. 3a-c), while CCK-8S
infusion in the intermediate dmPAG did not increase sensitivity to
mechanical stimulation (Fig. 3d) or responses on the hot plate test
(Fig. 3e). In contrast, proglumide infusion into the intermediate IPAG
blocked pain hypersensitivity in both models (Fig. 3f~h). Importantly,
neither systemic proglumide (Supplementary Fig. 12a, b) nor intra-
IPAG proglumide (Supplementary Fig. 12¢) altered baseline nocicep-
tive responses or acute injury-evoked pain in the absence of nocebo
conditioning. Application of proglumide to the intermediate IPAG also
did not affect distance traveled or velocity in an open field test (Sup-
plementary Fig. 13a, b), indicating that the effects of proglumide on
nocebo pain were not simply attributable to altered motor behavior.
However, unlike the intermediate dmPAG, CCK-8S microinfusion into
the intermediate IPAG increased mechanical sensitivity (Fig. 3i) and
pain behavior on the hot plate test (Fig. 3j) and radiant heat paw-
withdrawal test (Supplementary Fig. 14). Differences in drug spread
were unlikely to account for our results, as fluorescent muscimol
infusions revealed comparable spread within the dmPAG (Supple-
mentary Fig. 15a) and IPAG (Supplementary Fig. 15b) with minimal
crossover between PAG columns.

Finally, we asked whether neurons activated during nocebo pre-
ferentially expressed the CCK-2 receptor. The CCK-2 receptor, enco-
ded by Cckbr, is the predominant CCK receptor subtype in the brain*?
and is expressed at high levels in the PAG*. Using RNAscope, we
quantified Cckbr transcript abundance in Fos-positive neurons within
the IPAG following both contextual and social nocebo paradigms. In
the contextual nocebo paradigm, re-exposure to the pain-paired
environment increased Fos expression in the IPAG, with a higher pro-
portion of activated neurons expressing Cckbr compared with mice
tested in a different context (Fig. 4a, b). Binning Fos* neurons by Cckbr
RNAscope transcript abundance showed that this increase was driven
primarily by recruitment of neurons expressing low-to-moderate levels
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of Cckbr transcripts (Fig. 4c). A similar pattern was observed in the
social nocebo paradigm, where PO mice exhibited increased Fos
expression in the IPAG with co-localization of Cckbr transcripts, along
with a higher fraction of Fos* neurons expressing Cckbr relative to NPO
control mice (Fig. 4d, e). In contrast to the contextual model, transcript
binning in the social paradigm indicated that the increase in Cckbr
colocalization was driven primarily by Fos* neurons in the highest
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Cckbr abundance bin (15+ puncta), rather than by low-to-moderate
expressing cells (Fig. 4f).

To further define the molecular identity of Cckbr-expressing
neurons in the PAG, we analyzed spatial transcriptomic data from the
Allen Brain Cell Atlas*. Cckbr expression in the PAG was largely con-
fined to a small subset of glutamatergic neurons, representing ~4% of
the glutamatergic population, with minimal expression in GABAergic
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Fig. 2 | Activation of periaqueductal gray (PAG) subregions by contextual and
social nocebo pain in male mice. Timelines of contextual nocebo (a) and social
nocebo (b) pain models used to capture neuronal activation via c-Fos immuno-
histochemistry. Created in BioRender. Martin, L. (2026) https://BioRender.com/
q45b322 and https://BioRender.com/n290201, respectively. c Schematic of the PAG
showing bregma levels used for c-Fos quantification, across anterior (aPAG),
intermediate (imPAG), and posterior (pPAG) divisions. Quantification of c-Fos-
positive cells in the aPAG (d), imPAG (e), and pPAG (f) following contextual and
social nocebo paradigms. Representative photomicrographs of the imPAG from
contextual (g) and social (h) nocebo groups. Scale bars, g 200 um and 50 um;

h 160 um and 30 um. Contextual: different (n =6 mice), same (n =6 mice), same +
Prog. (n =7 mice). Social (no pain observers, NPO; pain observers, PO) sample sizes
varied by PAG subregion (NPO/PO/PO + Prog.): aPAG, 6/5/8 mice; imPAG, 6/5/8
mice; pPAG, 5/5/6 mice. Box plots show the median and interquartile range, with

dots representing average c-Fos counts per mm? across three sections per mouse at
each bregma coordinate. Columns of PAG quantification include dorsomedial,
dorsolateral, lateral PAG, and ventrolateral (dmPAG, dIPAG, IPAG, and VIPAG,
respectively). Statistical analyses were performed using one-way ANOVA for each
PAG column to compare groups within the contextual and social nocebo condi-
tions. *p < 0.05, *p < 0.01, and **p < 0.001 from Sidak-corrected post hoc com-
parisons. Exact p values: e Contextual nocebo: dmPAG: 0.0035 (different vs. same)
and 0.0121 (same vs. same + Prog.); dIPAG: 0.0016 (different vs. same) and 0.0006
(same vs. same + Prog.); IPAG: 0.00004 (different vs. same) and 0.00013 (same vs.
same + Prog.). Social nocebo: dmPAG: 0.037 (NPO vs. PO) and 0.0018 (PO vs.

PO +Prog.); dIPAG: 0.017 (NPO vs. PO) and 0.0004 (PO vs. PO + Prog.); IPAG: 0.035
(NPO vs. PO) and 0.0011 (PO vs. PO + Prog,.). Full statistical reporting is provided in
Supplementary Data 1. Source data are provided as a Source data file.

b Contextual nocebo C Social nocebo d Mechanical @ Thermal

1.5 8

_ _ *kk *kk 8 20

= ok *okk oo =7 =

s & Day 6 5 % 5

o Q = 6

£ g 6 E& s =1 o

£ £° 3 e

| = 4 < 4 % 10

g £3 g £

muscimol-BIDOPY g 05 g s £

-] T2 o2 5

£ = Post-social

s £
0.0 0 T T 0 T T o T T

aCSF Proglumide aCSF Proglumide aCSF  CCK-8s aCSF CCK-8S

Contextual nocebo
1.5

«Q

Withdrawal Threshold (g)

aCSF

Proglumide

Fig. 3 | Activation of cholecystokinin receptors in the lateral, but not dor-
somedial, periaqueductal gray is required for nocebo-induced pain and suffi-
cient to elicit pain-related behavior. a Schematic and representative micrograph
illustrating cannulation targeting the intermediate dorsomedial periaqueductal
gray (dmPAG). Created in BioRender. Martin, L. (2026) https://BioRender.com/
y1pi5qO. Fluorescent muscimol was used to visualize injection spread. Scale bar,
100 um. Intra-dmPAG infusion of proglumide does not alter contextual (b n=8
mice per group, 4 M, 4 F) or social nocebo responses (c n = 6 mice per group, 3M, 3
F). Intra-dmPAG infusion of CCK-8S does not affect mechanical thresholds (d n=11
mice per group, 5 M, 6 F) or hot plate latency (e n =15 mice per group, 5 M, 10 F).
f Schematic and representative micrograph illustrating cannulation targeting the
intermediate lateral PAG (IPAG). Created in BioRender. Martin, L. (2026) https://
BioRender.com/d97azz9. Fluorescent muscimol was used to visualize injection
spread. Scale bar, 500 um. Intra-IPAG infusion of proglumide attenuates contextual

[ Day1

-o- BL -@ Infusion

Thermal
20

h Social nocebo | Mechanical J

8 ok

8
= *kk ; *
27
k3 7z A\
Day 6 6 ﬁ 3 612 A\ 15 —
Es E ‘ s
£, 24 \ g 10
e g \ E
N E=E:" £ i
S2 . o2 5
2 4 Post-social
£
0 T T 0 0 T T
aCSF Proglumide aCSF CCK-8S aCSF CCK-8S

-o- BL - Infusion

(g aCSF n=7 mice, 3 M, 4 F; proglumide n =8 mice, 3 M, 5 F) and social nocebo
responses (h n=9 mice per group, 4 M, 5 F). Intra-IPAG infusion of CCK-8S
increases mechanical sensitivity (i n =11 mice per group, 6 M, 5 F) and reduces hot
plate latency (j n =11 mice per group, 5 M, 6 F). Box plots show the median and
interquartile range, with paired measurements from individual mice. Separate two-
way ANOVAs (drug x time) were used for contextual (b, g) and social nocebo (c, h).
Two-way mixed ANOVA was used for mechanical sensitivity (d, i), and paired two-
sided t-tests for hot plate latency (e, j). **p < 0.01, **p < 0.001 from Sidak-corrected
post hoc comparisons or Bonferroni corrected two-sided t-tests where appropriate.
Exact p values: b 2.42 x 107 (aCSF) and 5.45 x 10~ (proglumide); ¢ 0.0001 (aCSF)
and 0.0004 (proglumide); g 3.81x107%; h 0.00013; i 2.14 x10°%; j 0.0012. Full sta-
tistical reporting is provided in Supplementary Data 1. Source data are provided as a
Source data file.

cells (Supplementary Fig. 16a). Cckbr* glutamatergic neurons showed
extensive co-expression with the p-opioid receptor gene (Oprml)
and the cannabinoid receptor 1 gene (Cnrl), with ~50% expressing
both genes within the same cell. In contrast, overlap with stress-related
markers, such as Crh and Crhrl was rare (Supplementary Fig. 16b).
Spatial mapping showed that Cckbr* glutamatergic neurons were
distributed across dorsal and lateral regions of the PAG, with Pou4f1-
associated lineages enriched in the IPAG at intermediate and
posterior levels (Supplementary Fig. 16c). Quantification across the
rostral-caudal axis of the PAG confirmed that Pou4fI-derived
neurons were most abundant at intermediate levels of the PAG
(Supplementary Fig. 16d). Further, Cckbr* Pou4fl neurons showed
prominent co-expression of OprmlI and Cnrl, positioning this popu-
lation to modulate descending pain control through established
opioid- and endocannabinoid-sensitive PAG circuits (Supplementary
Fig. 16e).

Identification of long-range CCK projections that mediate
nocebo behavior

To determine whether the source of CCK within the IPAG arises from
projection neurons in other brain regions, we infused a Cre-dependent
retrograde AAV expressing mNeptune into the intermediate IPAG of
CCK-IRES-Cre mice (Fig. 5a-c). Retrogradely labeled neurons were
detected in several cortical regions, including the insula, motor cortex,
retrosplenial cortex, and parietal cortex (Fig. 5b-d). However, we
identified a distinct and densely labeled population of CCK projection
neurons in the anterior cingulate cortex (ACC) (Fig. 5Sb—e). These ACC
neurons were largely confined to layer V and constituted the most
prominent source of CCK-positive projections to the intermediate
IPAG (Fig. Se). Quantification across regions confirmed that the ACC
showed a significantly higher proportion of retrogradely labeled CCK*
neurons relative to total NeuN-positive cells compared to all other
regions examined (Fig. 5f). Immunocytochemical analysis revealed
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Fig. 4 | Cckbr-expressing neurons in the lateral periaqueductal gray (IPAG) are
recruited during contextual and social nocebo. a Representative RNAscope
image showing Fos expression in neurons that contain Cckbr mRNA within the
intermediate IPAG of mice re-exposed to the same or a different context. Scale bar,
100 um. b Violin plots showing quantification of Cckbr'/Fos® neurons in the IPAG of
mice re-exposed to the same or a different context (n =3 male mice per group; 3
slices per mouse). ¢ Violin plots showing the number of Fos* neurons in the IPAG
expressing increasing Cckbr transcript levels, binned by puncta abundance (0, 1-3,
4-9,10-14, 15+ per cell), in mice re-exposed to the same or a different context.

d Representative RNAscope images showing Fos expression in neurons that contain
Cckbr mRNA within the intermediate IPAG following social nocebo. Scale bar,

100 um. e Violin plots showing quantification of Cckbr’/Fos* neurons in the IPAG of
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no pain observers (NPO; 3 mice per group; 3 slices per mouse, 1 M, 2 F) or pain
observers (PO; 3 mice per group; 3 slices per mouse, 1M, 2 F). f Violin plots showing
the number of Fos* neurons in the IPAG expressing increasing Cckbr transcript
levels, binned by puncta abundance (0, 1-3, 4-9, 10-14, 15+ per cell), in NPO versus
PO mice following the social nocebo paradigm. Statistical tests used unpaired two-
sided t-tests for b, e and two-way mixed ANOVAs (condition x puncta group) for
(c, H. *p<0.01, **p <0.001 from Sidak-corrected post hoc comparisons or
Bonferroni-corrected two-sided t-tests where appropriate. Exact p values: b 0.006;
€ 0.0057 (1-3) and 5.48 x1077 (4-9); e 4.18 x107%; £1.65 x 107’. Full statistical
reporting is provided in Supplementary Data 1. Source data are provided as a
Source data file.

that retrogradely labeled ACC“™* neurons co-express EMX1 and exhibit
pyramidal morphology, consistent with an excitatory phenotype
(Supplementary Fig. 17). This is in line with transcriptomic classifica-
tion of CCK-expressing ACC neurons (Supplementary Fig. 18).

To provide supporting evidence for involvement of the
ACC* > IPAG pathway during nocebo retrieval, we quantified c-Fos
expression in retrogradely labeled neurons from a small subset of mice
following re-exposure to the same or different context (Supplemen-
tary Fig. 19a). Consistent with behavioral reinstatement, context-
dependent increases in overall c-Fos expression were observed selec-
tively in the ACC layer 2/3, while enhanced c-Fos co-labeling in retro-
gradely labeled neurons was observed in ACC layer 5, specifically in the
same-context condition (Supplementary Fig. 19b, c). No context-
dependent differences in c-Fos or co-labeling with retrogradely labeled
neurons were detected in other regions or layers (Supplementary
Fig. 19d-f). To directly test whether ACC™ neurons were required for
nocebo behavior, we next used a chemogenetic approach to silence
CCK* neurons in the ACC during nocebo retrieval. Inhibition of ACC“*
neurons selectively blocked contextual nocebo responses (Fig. 5g),
whereas broader inhibition of excitatory CaMKIla-expressing neurons
in the ACC disrupted social nocebo responses (Fig. 5Sh), demonstrating
a causal role for ACC® and excitatory neurons in mediating nocebo
pain behavior.

ACC®™ > IPAG projections are critical for nocebo pain behavior
and pain sensitivity

Based on the microinfusion and viral tracing experiments, we hypo-
thesized that ACC®™® neurons project to the IPAG to mediate nocebo
pain behavior in mice. To test this, we targeted ACC“* terminals in the
IPAG using projection-specific optogenetic inhibition. We injected an
inhibitory opsin (eOPN3) into the ACC and implanted an optic cannula
above the IPAG (Fig. 6a). After 3 weeks of expression, we tested whe-
ther optogenetically silencing ACC®* > IPAG projections disrupted
contextual or social nocebo responses. During re-exposure to the pain-
paired context, mice expressing a control virus displayed nocebo
hypersensitivity, whereas optogenetic inhibition of ACC‘*- IPAG
terminals blocked contextual nocebo (Fig. 6b). A similar effect was
observed in the social nocebo paradigm, where silencing this projec-
tion during pain observation prevented the expression of social
nocebo (Fig. 6¢). We next examined whether ACC“™ - IPAG activity
was required for contextual nocebo learning. Optogenetic inhibition
of this pathway prior to conditioning did not alter baseline mechanical
thresholds, and inhibition during the 5-h conditioning period likewise
failed to prevent contextual nocebo hypersensitivity when mice were
tested without optogenetic inhibition on day 6 (Fig. 6d). This suggests
that suppressing ACC“® > IPAG signaling during baseline or con-
ditioning was not sufficient to disrupt subsequent nocebo expression.
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sections showing retrogradely labeled CCK" projection neurons following IPAG
injection. ¢ Representative section of the IPAG injection site showing co-
localization of retrograde mNeptune signal with NeuN. d, e Representative
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NeuN. NeuN* and NeuN*/CCK* neurons were quantified within layer V. Scale bar,
200 um. f Percentage of CCK" neurons relative to total NeuN" neurons in cortical
regions projecting to the IPAG. g Chemogenetic inhibition of CCK* neurons using
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were measured before and after contextual re-exposure. h Chemogenetic inhibi-
tion of cortical excitatory neurons using pAAV-CaMKIla-hM4D(Gi)-mCherry (n=8
mice, 5 M, 3 F) or control virus (n=6 mice, 3 M, 3 F) in C57BL/6 observer mice
during social nocebo. Mechanical thresholds were measured at baseline and fol-
lowing pain observation. Violin plots (f) and box plots (g, h) show the median and
interquartile range with individual mice overlaid. One-way ANOVA (f) and two-way
ANOVAs (virus x time) were used for contextual and social nocebo experiments
(g, h). *p<0.05, *p<0.01, and **p < 0.001 from Sidak-corrected post hoc com-
parisons. Exact p values: £ 0.0015 (ACC vs. insula), 0.0045 (ACC vs. motor cortex),
and 0.026 (ACC vs. retrosplenial cortex); g 8.16 x107% h 7.05 x 107°. g, h Created in
BioRender. Martin, L. (2026) https://BioRender.com/zsb8103. Full statistical
reporting is provided in Supplementary Data 1. Experiments in (b-e) were repeated
independently three times with similar results. Source data are provided as a
Source data file.

Because we showed that the ACC®™ > IPAG pathway was neces-
sary for contextual and social nocebo, we further aimed to determine
whether its activation was sufficient to drive pain-like behavior. To this
end, we expressed channelrhodopsin-2 (ChR2) coupled to a mCherry
tag in CCK neurons of the ACC and implanted an optical fiber above
the IPAG (Fig. 6e), with mCherry-only mice serving as controls. Optical
stimulation of ACC®™ > IPAG terminals with blue laser light (470 nm,
20 Hz, 10 mW/mm?) produced marked mechanical hypersensitivity in
ChR2-expressing mice, but not controls (Fig. 6f). This hypersensitivity
emerged rapidly and persisted for approximately 60 min (Fig. 6g),
indicating that activation of this projection was sufficient to induce a
pain-like state. Finally, administration of the CCK receptor antagonist
proglumide attenuated the hypersensitivity evoked by ACC** > IPAG
optogenetic stimulation (Fig. 6h).

Discussion
Here, we identify a cortico-midbrain circuit in which CCK released
from ACC neurons activates CCK-2 receptors in the intermediate IPAG

to amplify pain sensitivity under conditions of negative expectation.
Across two distinct nocebo paradigms, we find convergent behavioral,
pharmacological, anatomical, and circuit-specific evidence that this
ACC™* > IPAG pathway is both necessary and sufficient for nocebo-
like hyperalgesia in mice. The rigor and generalizability of our findings
are enhanced by the independent but converging early work by two
different laboratories, unaware of each other’s findings.

In humans, proglumide attenuates nocebo hyperalgesia'®", and
here both nonselective CCK receptor blockade and selective CCK-2
receptor antagonism prevented nocebo hypersensitivity. This effect
cannot be explained by a general reduction in nociception or stress
responses, as systemic proglumide left baseline sensitivity and
formalin-evoked behavior unchanged, and intra-IPAG proglumide did
not affect incision-evoked pain outside of the nocebo context. Like-
wise, a predator-odor paradigm that produces robust stress-evoked
hypersensitivity and avoidance®** remained intact under proglumide,
indicating that CCK signaling is not required for general stress-induced
hyperalgesia and defensive responses induced by this stimulus. This
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a Experimental schematic illustrating targeting of ACC“™® > IPAG projections using
eOPN3 or mCherry. Created in BioRender. Martin, L. (2026) https://BioRender.
com/y9tttu0. Representative sections showing ACC expression and PAG terminals.
Mechanical withdrawal thresholds measured before and after contextual re-
exposure (b n =8 mice per group, 5 M, 3 F) or pain observation (¢ n=6 mice per
group, 3 M, 3 F) during optogenetic inhibition of ACC“® > IPAG projections (light
on). d Time course of mechanical thresholds during contextual conditioning, with
inhibition of ACC** - IPAG projections during conditioning (n =9 mCherry mice, 6
M, 3 F; n=6 eOPN3 mice, 2 M, 4 F). e Experimental schematic illustrating targeting
of ACC“* > IPAG projections using ChR2 or mCherry. Created in BioRender. Mar-
tin, L. (2026) https://BioRender.com/bizkjrb. Representative sections showing ACC
expression and PAG terminals. f Optogenetic activation of ACC“* > IPAG projec-
tions induces mechanical hypersensitivity in ChR2-expressing mice (n =8 mice, 4
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aligns with human findings that proglumide reduces nocebo hyper-
algesia while leaving the associated endocrine stress response
unchanged®®, demonstrating that CCK blockade uncouples pain
amplification from stress physiology rather than directly suppressing
the stress response. This contrasts with conditions of intense or sus-
tained stress, where social defeat produces widespread increases in
brain CCK and engages endocrine responses, and chronic treatment
with the selective CCK-2 antagonist CI-988 reduces corticosterone
elevation” and stress-enhanced formalin pain*®. Such effects likely
reflect large-scale recruitment of CCK during sustained threat, whereas
our paradigms depend on CCK signaling within a defined cortical-PAG
circuit. This suggests that CCK recruitment depends on the nature of
the threat signal, supporting a model in which CCK is not universally
engaged by pain or stress, but can be selectively recruited to amplify
nociceptive processing under conditions of negative expectation.
Our dataset provides an analysis of the PAG across coronal planes
and along the anterior-posterior axis, revealing distinct PAG columns
activated by our nocebo paradigms, extending beyond the typically
studied posterior PAG. The contextual and social nocebo paradigms

increased c-Fos expression in the intermediate IPAG, an effect blocked
by proglumide, identifying this region as a crucial hub for CCK-
dependent nocebo pain responses. This mirrors human fMRI findings
localizing nocebo responses to more rostral lateral PAG regions than
placebo responses®. Although evidence from animal models in sup-
port of the role of the PAG in nocebo hyperalgesia has been limited,
our findings, coupled with recent studies of conditioned and socially
enhanced nausea behaviors in rats*’, highlight the significance of the
PAG and its interconnected regions, such as the ACC, in nocebo
effects. At the cellular level, the contextual nocebo paradigm recruited
a broader population of Fos-positive IPAG neurons expressing pre-
dominantly low-to-moderate levels of Cckbr transcripts, whereas the
social nocebo condition engaged fewer neurons but was enriched for
cells with high Cckbr expression, indicating recruitment of distinct gain
states within the same circuit rather than uniform scaling of activity. At
intermediate rostral-caudal levels of the PAG, Cckbr* neurons were
enriched within a population marked by expression of Pou4fI, a tran-
scription factor associated with defined neuronal lineages in sensory
systems™., Although Pou4fl has not been directly linked to
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descending pain modulation, its enrichment within specific Cckbr' PAG
neurons, together with co-expression of Oprm1 and Cnrl, is consistent
with engagement of circuits known to regulate nociceptive processing.

Previous work has established that glutamatergic ACC projections
to the dIPAG and IPAG contribute to reflexive and active avoidance of
pain®, but it remains unclear whether these effects reflect broad
engagement of ACC output or selective recruitment of defined neu-
ronal populations under specific cognitive conditions. Our findings
suggest that nocebo expression depends on selective engagement of a
predominantly excitatory, CCK-expressing population of ACC neurons
projecting to the intermediate IPAG. Although CCK is expressed in
both excitatory and inhibitory cortical neurons®, several observations
indicate that the nocebo effect is largely mediated by an excitatory
population. ACC** > IPAG-projecting neurons were confined to layer
V and displayed pyramidal morphology characteristic of corticofugal
glutamatergic cells. Retrograde tracing combined with Fos mapping
showed selective activation of these projection neurons during
nocebo expression rather than broad activation of local cortical net-
works, and spatial transcriptomic classification further demonstrated
that ACC“™ expression is strongly enriched in intratelencephalic (IT)-
and extratelencephalic (ET)-type excitatory subclasses, with inter-
neurons representing only a minor fraction. Consistent with this,
chemogenetic inhibition of ACC®* or ACC*™X"2 neurons, or optoge-
netic inactivation of ACC®™ terminals in the IPAG blocked nocebo
hypersensitivity. Conversely, optogenetic activation of the
ACC* > IPAG pathway was sufficient to induce mechanical allodynia,
which was blocked by proglumide. These findings suggest that CCK
release from ACC terminals acts as a gain-modulating signal that biases
nociceptive output through enhanced glutamate release**, consistent
with anti-opioid and pain-facilitatory roles of CCK signaling*®*,
Inhibition of the ACC*® - IPAG pathway during conditioning did not
prevent subsequent nocebo expression, indicating that this pathway is
recruited during expression rather than acquisition of contextual
nocebo associations.

Placebo and nocebo effects are often viewed as mechanistically
dissociable because they can engage distinctt neural and biochemical
pathways. Placebo analgesia, for instance, can be disrupted by the
opioid receptor antagonist, naloxone, demonstrating the involvement
of endogenous opioids®. Conversely, in human models of nocebo
hyperalgesia, increased pain responses are not reversed by naloxone'’.
Interestingly, application of the CCK-2 receptor agonist, pentagastrin,
disrupts placebo analgesia in humans*®, whereas proglumide enhances
placebo responses. Recent circuit-level studies of placebo analgesia
indicate that expectation engages a descending inhibitory pathway in
which cortical signals recruit ventrolateral PAG neurons that project to
the rostral ventromedial medulla and suppress nociceptive transmis-
sion through endogenous opioid signaling®*°. In these models, cor-
tical input from medial prefrontal cortex (mPFC) and ACC gates
activity of VIPAG projection neurons, producing analgesia only when
expectations of pain-relief or lower pain are present rather than
through nonspecific activation of the PAG. Positive expectation,
therefore, preferentially engages opioid-dependent vIPAG output that
suppresses nociceptive transmission, while negative expectation
recruits a CCK-sensitive population in the intermediate IPAG that
facilitates pain processing. Rather than activating separate modulatory
pathways, expectation appears to bias a shared ACC-PAG circuit
toward either inhibitory or facilitatory output.

Evidence of human pain as a learning phenomenon
continues to grow® *, as does evidence for the social modulation of
pain®>®, The prognosis of pain patients is worsened by sometimes
inadvertent nocebo suggestions by clinical providers®®, and substantial
psychological risk factors, such as anxiety, harm avoidance, and pain
catastrophizing can be conceptualized as an auto-nocebo process®’.
However, nocebo effects are generally greater in female subjects®®,
whereas we did not observe differences between male and female mice

in our nocebo models. This discrepancy may reflect species differ-
ences in baseline anxiety levels, hormonal regulation, or variations in
experimental paradigms. Addressing these factors through compara-
tive studies involving additional species and human-like conditioning
protocols will help clarify the observed differences and strengthen the
translational applicability of our findings®* .

Our focus on CCK signaling was informed by prior human phar-
macological studies implicating CCK in nocebo effects and
expectancy-driven pain modulation. By isolating CCK-dependent sig-
naling from the ACC to the IPAG as a key mechanism for nocebo
hyperalgesia, our findings distinguish negative expectation-driven
pain amplification from generalized stress or injury-related hypersen-
sitivity. More broadly, the mouse models described here provide a
controlled experimental approach for examining how contextual and
social cues shape nociceptive processing, offering a basis for future
studies of negative expectation-dependent modulation of pain.

Methods

Animals

Most experiments used naive, adult CD-1 (ICR:Crl) or C57BL/6 mice
aged 6-13 weeks. Both male and female mice were used; sex compo-
sition varied by experiment and is specified in the figure legends and
Source data files. Sex was not included as a primary experimental
factor unless otherwise stated. CD-1 mice were bred in-house at McGill
University, originating from breeders obtained from Charles River (St.
Constant, QC). C57BL/6 mice were obtained from Charles River (St.
Constant, QC) and housed in the University of Toronto Mississauga
vivarium for at least 2 weeks prior to behavioral testing, or were bred
in-house from our established colony. Experiments targeting CCK
neurons used offspring bred in-house (UTM) from CCK-IRES-Cre mice,
which were originally purchased from The Jackson Laboratory (Bar
Harbor, ME; Stock #012706). All mice were group-housed in cages of
2-4 on individually ventilated cage racks (Techniplast North America)
in temperature-controlled rooms (22 + 2 °C) under a 12:12 h light/dark
cycle (lights on at 07:00 h) with access to food (Harlan Teklad 8604 for
McGill mice; 2019 Teklad for UTM mice) and water ad libitum. Mice
were randomly allocated to experimental groups, and testing was
conducted by multiple female experimenters®® who were blind to drug
treatments. CCl-based conditioning experiments were conducted
exclusively in CD-1 mice. Hind paw incision and extinction experiments
were performed in CD-1 and C57BL/6 mice across two independent
cohorts with similar results. Social nocebo paradigms and all tissue-
based analyses were conducted in C57BL/6 mice. All procedures
adhered to the Canadian Council on Animal Care guidelines. Experi-
ments conducted at the University of Toronto were approved by the
University of Toronto Animal Care Committee, and experiments con-
ducted at McGill University were approved by the McGill University
Animal Care Committee.

Contextual nocebo conditioning

The contextual nocebo conditioning paradigms comprised three dis-
tinct phases: baseline testing, where basal thresholds were measured,
the learning session, during which the association between pain
(unconditioned stimulus, UCS) and context (conditioned stimulus, CS)
was formed, and the testing day, which assessed the response to the
presentation of the CS. Two different pain stimuli were used as the
UCSs: hind paw incision or chronic constriction injury, as described
below. Prior to surgery, mechanical thresholds were assessed using the
von Frey test (see below). On the learning day, mice underwent either
hind paw incision surgery on their left paw to induce post-surgical
pain, or chronic constriction injury (CCI) on their left leg, which served
as the UCSs. Following surgery, while still under anesthesia, the mice
were placed in the conditioning context, consisting of Plexiglas cubi-
cles within a specific laboratory testing room, where they remained for
5 h, most of which was spent awake. Mice subjected to incision and CCI
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surgery were returned to the same or different context at 6 or 14 days
after surgery, respectively. On test days, mice were retested for pain
sensitivity following a 10-90-min habituation period using the manual
von Frey test. For baseline and test day measurements, four separate
determinations, two per hind paw, were conducted and averaged.

Social nocebo paradigm

Same-sex cagemate pairs were placed in an open top/bottom box
(inner dimensions: 14.5 cm x 14.5 cm x 30 cm) with three opaque sides
and one clear side. Each box was set on top of a clear acrylic platform,
which was either placed on a frame for video recording from below
during the formalin assay or set on top of a laboratory bench for all
other assays. For each experiment, pairs of mice were habituated to
the box for 1h. Mice in the pair were randomly assigned as either
observer or demonstrator. Following habituation, the demonstrator
was removed briefly, administered an intraplantar hind paw injection
of formalin (2.5%, 20 pl; pain observer condition), or saline (0.09%) as a
no-pain control stimulus (no pain observer condition). Formalin hind
paw injection was selected as the pain stimulus due to the character-
istic pattern of overt nocifensive behaviors that are reliably perceived
by observer mice”’°. The observer and demonstrator were then
allowed to interact for 30 min, consistent with previous social transfer
models™**>*'7°, Following the 30 min one-in-pain social interaction, the
demonstrator was removed from the box and returned to its home
cage. The observer was then either tested for formalin sensitivity
(0.5%, 20 pl, intraplantar) or placed in individual Plexiglas cubicles
over a metal mesh platform for electronic von Frey testing (see below).
For von Frey testing, baseline measurements consisted of five separate
determinations for each hind paw, which were averaged. In most
experiments, mechanical sensitivity was assessed beginning 10 min
after placement in the Plexiglas cubicle, and values represent the
average of two measurements per paw.

Predator threat-evoked hypersensitivity paradigm

To assess whether CCK signaling contributes to unconditioned stress-
evoked pain modulation, mice underwent a single-exposure predator
odor conditioning procedure using trimethylthiazoline (TMT, 10%).
Baseline mechanical sensitivity was first measured using manual von
Frey testing. Twenty-four hours later, mice were allowed 5 min of free
exploration in a two-chamber apparatus to determine side preference.
After an additional 24 h, mice received proglumide (10 mg/kg) or sal-
ine 30 min before conditioning. They were first placed in the non-
preferred chamber for a 5-min neutral exposure and, 2 h later, exposed
for 5min to filter paper containing 10% TMT. Mechanical sensitivity
was reassessed 3 h after TMT using the von Frey test. Contextual
memory and defensive behavior were subsequently evaluated using a
conditioned place aversion procedure, followed 24 h later by a 5-min
preference test. Manual von Frey thresholds were then measured
across the following 21 days. Ten days after the conditioned place
aversion test, conditioned freezing was quantified during 5-min re-
exposures to both the unpaired and TMT-paired chambers. This
delayed assessment was included because we previously demon-
strated that blocking corticosterone synthesis prior to initial TMT
exposure prevents both unconditioned freezing to TMT and condi-
tioned freezing to the TMT-paired context when mice were returned
10 days later®. The TMT paradigm differs from contextual nocebo
conditioning in that hypersensitivity is triggered by an unconditioned
threat rather than a learned pain-predictive association.

von Frey test

Testing of mechanical sensitivity was performed using either the
manual or electronic von Frey test. Manual von Frey: In contextual
nocebo experiments, mice were placed individually in transparent
Plexiglas cubicles (5cm x 8.5cm x 6 cm) on top of a perforated metal
floor and habituated for 2h before testing. Nylon monofilaments

(force range: =0.015 to 1.3 g; touch test sensory evaluator kit, Stoelting)
were firmly applied to the plantar surface of each hind paw of an
inactive mouse until they bowed for 0.5s. The up-down method of
Dixon” was used to estimate 50% withdrawal thresholds. Electronic
von Frey: In social nocebo experiments, observers were placed in
individual Plexiglas cubicles (10 cmx5.5cmx6.5cm) over a metal
mesh platform and allowed to habituate for 30 min prior to baseline
testing. Mice were tested using a dynamic plantar aesthesiometer (Ugo
Basile, 37450, Gemonia, Italy), which raised a blunt 0.5-mm metal
probe onto the center of the hind paw and gradually applied force
(0-10 g ramp over 10 s) until the mouse withdrew its hind paw. The
maximal pressure displayed upon withdrawal was recorded.

Radiant heat paw-withdrawal test

The radiant heat paw-withdrawal test was used to assess acute thermal
nociception sensitivity in mice’”. Prior to behavioral testing, mice were
individually housed in perforated, transparent Plexiglas enclosures
(5cm x 8.5 cm x 6 cm) situated on a glass floor with a thickness of 3/
16th inches and allowed to acclimate for 2 h. A high-intensity beam
(IITC model 336; =45 W) emitted from a projector lamp bulb posi-
tioned 6 cm beneath the glass floor was directed at the plantar surface
of the mid-hind paw of each mouse at rest. Withdrawal latency of each
hind paw was recorded to the nearest 0.1s.

Formalin test

In social nocebo experiments, chemical pain sensitivity in observer
mice was assessed using a low concentration formalin challenge (0.5%,
20 pl, intraplantar injection into the left hind paw). This concentration
was chosen because it elicits minimal nocifensive behavior while
avoiding behavioral ceiling effects that are typically observed at higher
concentrations’. Following injection, observer mice were returned to
the test box, and behavior was video-recorded for 60 min. Videos were
scored using a time-sampling procedure in which the presence of
licking or biting of the injected paw was recorded during the first 10 s
of every min for a total of 60 observations per mouse. We based this
procedure on that used by Chesler et al.”*, where formalin behavior
was quantified using a similar time-sampling procedure that can be
seen in Fig. 2 of that paper. Formalin hind paw injection typically
presents a pattern of vigorous licking in the first 5-10 min, deemed the
“early phase,” a quiescent period in the next 5-10 min where very little
licking occurs, then a “late phase” of sporadic licking that occurs
throughout the remainder of the testing period’>’®. While total time
spent licking is often reported in formalin studies, the time-sampling
approach used here has been used by our labs across several studies
and provides reliable quantification of nocifensive behavior’”®!,
Accordingly, formalin data are presented as the percentage of positive
samples across the late phase of the test.

Hot plate thermal sensitivity test

The hot plate test was used to assess whether applying CCK to the
dmPAG or IPAG enhanced thermal sensitivity. Mice were tested in a
counterbalanced manner on the hot plate 30 min after microinfusion
with CCK or aCSF, then 48 h later were retested with the other drug.
After microinfusion, mice were immediately moved to the testing
room. Mice were then placed singly on a clean hot plate set at 52.5°C
for 45s. Videos were analyzed using BORIS (Behavioral Observation
Research Interactive Software, v7.13.9)*? for the latency to first hind
paw flick, lick, or jump.

Quantification of social behavior

In a subset of mice, behaviors during the 30-min one-in-pain social
interaction were scored. Behaviors were sampled during the first 10 s
of every minute. Data were quantified as the percent positive samples
across the 30 min session. In the demonstrator mouse, we recorded
hind paw licking. In the observer mouse, we recorded: (1) attending
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toward the cagemate, including sniffing or grooming, excluding the
anogenital region, and (2) propinquity behavior defined as being
within 2cm or less of the demonstrator mouse, but not actively
engaging in attending behavior.

Open field

Mice were placed in the center of a white open field box (42 cm x 42
cmx42cm) and recorded for 10 min (EthoVision XT v.11.5, Noldus
Information Technology, Leesburg VA). Total distance traveled and
velocity data were collected as measures of the effect of intra-IPAG
proglumide infusion on motor responses. Mice were tested without
infusion (day 1), 48 h later with proglumide infusion (day 2), and again
48 h later without infusion (day 3).

Surgical procedures

All surgeries were performed under sterile conditions and isoflurane
anesthesia (4% induction, 2-2.5% maintenance). Body temperature was
maintained using a circulating heated water mat.

Hind paw incision surgery
A 5-mm incision through the skin and fascia was performed on the left
hind paw of the mouse®. The flexor digitorum brevis muscle was ele-
vated with forceps or a blunt dissection probe, and a longitudinal
incision was made through the muscle by a scalpel. The wound was
closed with two skin sutures.

Chronic constriction injury (CCI) surgery

The sciatic nerve was exposed midway along the thigh using gentle
dissection through the biceps femoris muscle. Proximal to the tri-
furcation of the sciatic nerve, approximately 7 mm of nerve tissue was
released from surrounding tissue. Three ligatures (7-0 silicone-coated
braided silk, Sofsilk) were loosely tied around the nerve, spaced
roughly 1 mm apart. The affected nerve segment measured between 4
and 5 mm in length. Particular attention was paid to tying the ligatures
to ensure minimal constriction of the nerve when examined under x40
maghnification. The intended level of constriction impeded, but did not
fully halt, circulation through the outer blood vessels of the nerve,
occasionally eliciting a brief muscle twitch around the exposed area.
The incision was subsequently closed in layers. This assay mimics
neuropathic pain states in humans and causes hypersensitivity lasting
more than a month®*%,

Stereotaxic surgery

The scalp was sterilized, shaved, a small incision was made in the skin,
the skull leveled using a digital stereotaxic instrument (Harvard
Apparatus, Holliston, MA), and burr holes drilled at the respective
stereotaxic coordinates. Viral vectors or cannulae were lowered to the
target sites, the incision was closed, and mice received postsurgical
analgesia (meloxicam, 20 mg/kg) once daily for 3 days.

Cannulations and microinfusion experiments

Mice were cannulated with either a single cannula for drug application
to the dmPAG or a double cannula for bilateral drug application to the
IPAG. Separate cohorts of mice for both region and drug were used and
then tested on either the von Frey or hot plate tests. A single guide
cannula with length 3.0 mm and injector cut 0.5 mm below the ped-
estal (C315GS-5/spc, P1 Technologies, Roanoke, VA) was implanted
above the dmPAG (11.7° angle, AP -3.6mm, ML -0.2mm, DV
—-2.55mm), or a double guide cannula (RWD Life Science, San Diego,
CA: guide cannula 62056, center distance 1.4 mm, length 3.0 mm,
dummy 62127, injector 62056, both cut 0.5 mm below guide cannula,
cap 62525) was implanted above the IPAG (AP -3.85 mm, ML £+0.55 mm,
DV -2.65 mm) at 7 weeks of age. Following a 7-day recovery period,
mice were tested for baseline von Frey sensitivity and then either
underwent contextual nocebo or social nocebo procedures (see

above). In all experiments, microinfusions were performed under light
isoflurane anesthesia immediately preceding context exposure or the
1-h habituation before social nocebo. In Fig. 3d-i, infusions occurred
30-45 min before pain testing. During infusion, calibrated tubing was
used to connect the internal cannula to a microliter syringe
(1700 series Hamilton Syringe, 100 pl, Harvard Apparatus, Montreal
QC), and an infusion pump (Pump 11 Elite Nanomite, Harvard Appa-
ratus, Montreal QC) was used to infuse a 0.25-pl volume over 5 min
(50 nl/min), after which the injector was left in place for an additional
1 min. Mice were allowed to recover in their home cage prior to testing.
Cannula placement was verified post hoc by infusing 250 nl of fluor-
escent muscimol-BODIPY (M23400, Invitrogen) and quantifying the
radial spread of fluorescence for both dmPAG (single cannula) and
IPAG (bilateral cannula) experiments. The estimated spread radius was
approximately 300-350 pm and was comparable across hemispheres
in bilateral infusions and similar in magnitude to single-cannula infu-
sions. Mice with placements outside the intended target region
(dmPAG or IPAG) were excluded (<5%).

Viral infusions

Viruses were infused at a rate of 60 nl/min using a glass capillary
micropipette backfilled with mineral oil and attached to a 1700 series
gas-tight Hamilton microsyringe. Micropipettes were lowered 0.1 mm
below the injection site (ACC: AP +1.0 mm, ML +0.5 mm, DV -0.8 mm;
IPAG: AP -3.85 mm, ML +0.5 mm, DV -2.65 mm) prior to infusion and
left in position for 10 min prior to slow removal to prevent backflow.
Skin was sutured, and the mouse recovered on a heated pad. Viruses
were allowed 3 weeks of expression prior to behavioral testing or
tracing.

Optogenetic manipulations

CCK-IRES-Cre mice were infused with a virus expressing eOPN3, ChR2,
or control in the IPAG. In the same surgery session, an optic fiber
cannula (200 pm core, 3.0 mm length, R-FOC-BL200C-39NA, RWD Life
Science, San Diego, CA) was implanted above the IPAG and secured
with dental cement (3M ESPE RelyX Unicem Aplicap Self-Adhesive
Universal Resin Cement, 56818). The virus was allowed to express for
3 weeks. For the contextual nocebo eOPN3 experiments, viruses were
injected 2 weeks prior to baseline, followed by hind paw incision sur-
gery and conditioning to the cubicles. This allowed the virus to express
for a total of 3 weeks before mice were tested on test day. In addition,
mice were connected to the patch cord (200 nm, Doric, Quebec City,
QC) for 10 min at the beginning of the 5-h conditioning period in the
contextual nocebo experiments. Then, on the test day, mice were
tethered and immediately put into the observation box, exposed to
that box for 30 min, then put into the von Frey cubicle and allowed to
rest for 10 min. They were then tested for mechanical sensitivity using
the manual von Frey test. For the social nocebo paradigm, mouse pairs
were habituated to the box for 1 h. One day prior to testing, pairs were
habituated again to the box for 30 min, then the observer mouse was
habituated to the patch cord in the box for 10 min. On test day, pairs
were habituated for 1h to the container, then the patch cord was
attached to the observer mouse that was allowed to further acclimate
for 5 min.

Optical stimulation for eOPN3

Light delivery was initiated immediately after placement in the con-
ditioning box for contextual nocebo or following formalin injection in
the demonstrator for social nocebo. Optical stimulation consisted of
50 ms pulses at a light power density of 10 mW/mm? of 470 nm light
(470 nm, 50 W Collimated LED BLS-LCS-0470-50-22, Oasis Implant,
Polyscan3 software, Mightex, Toronto, Canada) delivered once every
2 min to the IPAG of the conditioned mouse or observer for the 30 min
duration. Mice were then moved to individual Plexiglas cubicles over a
metal mesh platform and tested for mechanical sensitivity. Values
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reported are the average of two measures on each hind paw. In one
experiment, light was delivered in 10-min epochs spaced at 1 h inter-
vals throughout conditioning to minimize tissue heating and photo-
toxicity during prolonged inhibition.

Optical stimulation for ChR2

Mice were tested for baseline mechanical sensitivity. Mice were then
habituated to the stimulation box for 30 min during two consecutive
days prior to testing, with 10 min of habituation to the patch cord each
day. On test day, mice were habituated to the box with a patch cord for
10 min prior to stimulation. For optogenetic photostimulation of
ChR2, light output was 10 mW/mm? delivered at cycles of 5 ms bursts
of light on and 45 ms of light off for a frequency stimulation of 20 Hz
over a 3min period. Mice were immediately removed from the sti-
mulation box and placed in von Frey cubicles. In one experiment, mice
were tested using manual von Frey, and values reported represent the
average of two measures on the left hind paw. In another experiment,
mice were tested using electronic von Frey with the baseline repre-
senting the average of three measures, and then subsequent time
points (5, 15, 30, 45, 60, 90, and 120 min post-stimulation) are a single
measure per hind paw.

Pharmacological agents

Proglumide (10 mg/kg; Sigma Aldrich, Oakville, ON) was dissolved in
saline and administered intraperitoneally (i.p.). LY 225910, the CCK-2
antagonist (1 mg/kg, Tocris, Burlington, ON), was dissolved in 5%
DMSO in saline using a sonicator or 5% DMSO and 0.5% Tween-80 in
saline and administered intraperitoneally (i.p.). Systemically adminis-
tered drugs were injected using a volume of 10 ml/kg body weight. In
microinfusion experiments, proglumide (250 ng in 250 nl aCSF, Sigma
Aldrich) or CCK-sulfated octapeptide (CCK-8S) (50 ng in 250 nl aCSF,
Cayman Chemicals, Ann Arbor, MI) were microinfused through
implanted cannulas via calibrated tubing (see below).

Viral reagents

Viruses were injected at a volume of 200 nl for functional experiments
and 100 nl for tracing. AAVretro-CAG-DIO-mNeptune, AAV2/9-hSyn-
SI0-eOPN3-mScarlet, AAV2/9-Efla-DIO-ChR2(H134R)-mCherry, and
AAV2/9-EF1a-DIO-mCherry were purchased from Neurophotonics
(Quebec City, QC). AAV2/8-hSyn-DIO-mCherry, AAV2/8-hSyn-DIO-
hM4D(Gi)-mCherry, AAV2/8-CaMKIlla-hM4D(Gi)-mCherry, and AAV-2/
8-CaMKIla-GFP were purchased from Addgene (Watertown, MA).

Tissue preparation and immunohistochemistry

Mice were deeply anesthetized with sodium pentobarbital (100 mg/kg,
i.p.) and underwent transcardiac perfusion with 0.1M phosphate-
buffered saline (PBS, pH = 7.4) followed by 4% (w/v) paraformaldehyde
in PBS (PFA). Brain tissue was extracted and post-fixed for 24 h in 4%
PFA, then cryoprotected for 48 h in 30% (w/v) sucrose. Tissue was
embedded in cutting medium (Tissue-Plus O.C.T. Compound, Fisher
Scientific Canada) and frozen. Frozen tissue was then sectioned cor-
onally on a cryostat (Cryostar NX50, ThermoFisher Scientific) at 40 pm
thickness, then collected in cryoprotectant (30% w/v sucrose, 30% v/v
ethylene glycol, 0.1 M PBS) until use. Sections were thawed, placed ina
12-well plate, then washed three times for 5 min in 0.1M PBS (pH 7.4).
Sections were blocked (5% normal goat serum, 0.3% Triton X-100,
0.1 M PBS) for 2 h at room temperature (RT). The block was removed,
and sections were then incubated in the primary antibody at 4 °C. For
c-Fos studies, a rabbit monoclonal antibody (rabbit o c-Fos 1:10,000
for 48 h, Synaptic Systems 226008, Géttingen, Germany) was used. In
the retrograde tracing experiment, a monoclonal NeuN antibody
(1:2,000 overnight, EMD Millipore MABN140, Darmstadt, Germany) or
a polyclonal EMX1 antibody (1:50 overnight, Invitrogen, PA5-35373,
Carlsbad, CA), were used as general or excitatory neuronal markers,
respectively. Following primary antibody incubation, sections were

washed three times for 5min in PBS, then incubated with secondary
antibody (c-Fos experiments: goat anti-rabbit, 1:500, 2 h at RT, Vector
Laboratories DI-1649-1.5, Newark, CA; NeuN and EMXI1 experiments:
goat anti-rabbit Alexa Fluor 488, 1:500, 2 h at RT, Invitrogen A11008,
Waltham, MA). Sections were then washed three times for 5 min in PBS,
mounted on Superfrost slides, and dipped in DAPI solution (1:50,000
in 0.1M PBS, 5min, D9542, Sigma Aldrich Canada, Oakville, ON) and
coverslipped with mounting medium (Fluoromount-G, South-
ernBiotech, Birmingham, AL).

Imaging and analysis of c-Fos

Digital images of coronal brain sections were taken at 4x (1.6125 pm/
pixel, Biotek Cytation 5, Gen5 software v3.03, Agilent, Santa Clara, CA)
for the social nocebo paradigm or 10x (Olympus VS200 slide scanner,
VS-ASW software v3.4.1, Evident Corporation, Tokyo, Japan) for the
contextual nocebo paradigm. QuPath (v0.3.2)% was used along with
the Allen Mouse Brain Reference Atlas Version 2 (Allen Institute for
Brain Science, 2011) and a schematic of the columns of the rat PAG* to
draw regions of interest (ROI) around the anterior, intermediate, and
posterior PAG. In addition, we used the DAPI channel to visualize
changes in cell density that distinguish the columnar organization of
the PAG. c-Fos-positive cells were identified based on high grayscale
signal and oval-shaped nuclei using the QuPath cell detection feature,
followed by manual addition and subtraction of cells by researchers
blinded to the condition. c-Fos-positive regions were quantified and
reported as the number of cellsymm? and at least three sections
between the bregma range were averaged for each ROI. An unbiased
approach was taken, such that sections from the anterior, inter-
mediate, and posterior PAG as follows: anterior PAG: between bregma
-2.3 and -2.6. Intermediate PAG: between bregma -3.6 and -3.9.
Posterior PAG: between bregma —4.7 and -4.9. For cortical analyses,
c-Fos quantification was performed separately across cortical layers
(L1, L2/3, LS5, and L6) and for retrogradely labeled neurons to distin-
guish general cortical activation from activation within projection-
defined populations.

Retrograde tracer and NeuN/EMX1 analysis

The density of CCK-positive (tagged by virus) to NeuN/EMX1-positive
cells was compared between selected brain regions (average of 3 slices
per mouse from 3 mice for EMXI, average of 3 slices per mouse from 3
mice for NeuN). Digital images of coronal brain sections were taken at
10x (Olympus VS200 slide scanner) using filters for DAPI, GFP (NeuN/
EMX1), and mCherry (retrograde virus). QuPath was used along with
the Allen Mouse Brain Reference Atlas Version 2 (Allen Institute for
Brain Science, 2011) to draw regions of interest (ROI) in the ACC (AP
+0.9 to +1.15, ACAd and ACAv), insula (AP +0.9 to +1.15, Ald and Alv),
motor cortex (AP —1.25 to —0.95, MOs and MOp), retrosplenial cortex
(RSPd and RSPv combined), parietal cortex (AP -2.35 to -2.15, PTLp),
and IPAG (AP -3.9 to -3.7). Quantification boundaries were drawn
around layer V in each cortical region because retrogradely labeled
cells were most abundant in this layer. NeuN-positive cells were iden-
tified based on high grayscale signal and oval-shaped nuclei using the
QuPath cell detection feature, followed by manual addition and sub-
traction of cells, whereas mCherry-positive (CCK") cells were quanti-
fied using the manual point counting feature. CCK cell density was
calculated as a percentage of the mCherry-positive cells within the ROI
(mm?) relative to the total number of NeuN-positive cells within the
ROL. Density counts were averaged across three consecutive coronal
slices for each ROI.

RNAscope

Tissue was collected and cut at 40 pm free-floating and then mounted
on Superfrost Plus Gold slides. The RNAscope Multiplex Fluorescent
V2 Assay (Advanced Cell Diagnostics (ACD), Inc., Newark, CA) was
performed according to manufacturer instructions (UM 323100) using
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the fixed-frozen tissue sample pretreatment and RNAscope Protease
IIl. Tissue was probed for Cckbr (CCK-2 receptor, ACD probe cat no.
439121) and Fos (ACD probe cat no. 316921) mRNA and respective 570
and 690 nm opal dyes (Akoya Biosciences). Slides were coverslipped
with ProLong Gold mounting media (Invitrogen, Waltham, MA) and
imaged within one week at 20X (Olympus VS200 slide scanner, Evident
Corporation, Tokyo, Japan). We report active cells that express Cckbr
in the social nocebo and contextual nocebo paradigms as the percent
of Fos-positive cells (distinct 690 nm-positive ovals) that also express
Cckbr (at least three 570 nm dots within a Fos-positive cell boundary).
Transcriptomic reference data (see Supplementary Fig. 16) indicated
that Cckbr expression in the PAG is predominantly neuronal, with most
expressing glutamatergic markers, and therefore, additional neuronal
marker co-staining was not performed.

Verification of viral injections

For verification of viral injections, sections were processed as descri-
bed above. Injection location was considered accurate when the
expression of the virus was limited to the boundaries of the target
brain region. When visualization of the virus was not possible or the
spread of the virus was beyond the designated target, data were not
included. This occurred in less than 5% of the injected mice.

Analysis of publicly available transcriptomic datasets

To provide molecular context for Cckbr-expressing neurons in the
PAG, we analyzed publicly available whole-brain single-cell and spatial
transcriptomic datasets from the Allen Brain Cell Atlas**. Neuronal
subclasses within the PAG were identified using the reference tax-
onomy provided by the Allen Institute, and expression of Cckbr was
quantified across neuronal populations and along the rostral-caudal
axis. Co-expression analyses were performed for genes associated with
neuromodulatory and pain-related signaling pathways. These analyses
were used to determine the distribution of Cckbr across molecularly
defined PAG neuronal populations rather than to define cell identity
within individual experimental animals.

Statistical analyses

Statistical analyses were performed using SPSS (v28, IBM) with an «
level of 0.05. Depending on the design, data were analyzed using one-
way ANOVA, repeated-measures ANOVA, or two-tailed t-tests. Full
statistical details for the main figures are provided in Supplementary
Dataland in the corresponding figure legends for Supplementary Figs.
When ANOVAs were significant, Sidak or Tukey multiple-comparison
tests were applied as appropriate. For box plots, the box represents the
interquartile range (Q1-Q3), the center line denotes the median, and
whiskers indicate the minimum and maximum values. Graphical fig-
ures were generated using GraphPad Prism (v9), Adobe Illustrator
(v27.7), and templates adapted from BioRender.com.

Reproducibility

All experiments were conducted in at least two independent cohorts.
Behavioral testing was performed across multiple cohorts (n=6-10
mice per cohort; n=3-4 per group), each serving as an independent
replication, with consistent findings across cohorts and laboratories.
Experimenters were blind to the experimental condition and manip-
ulation. Quantification of c-Fos/ICC labeling was performed indepen-
dently by at least two blinded experimenters.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Supplementary
Information/Source data file. Source data are provided with this paper.
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