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Abstract

Chen et al. investigate the neural basis of placebo analgesia in their recent Nature study, revealing the role of the
cortico-ponto-cerebellar pathway. Using a placebo analgesia condition animal model, they show that expectations
of pain relief are encoded through direct connections from the rostral anterior cingulate cortex (rACC) to the
pontine nucleus (PN) and subsequently affect cerebellar regions linked to cognition. The study finds that placebo
analgesia enhances rACC neuron activity and boosts calcium signaling in cerebellar Purkinje cells via Oprdi-
expressing PN neurons. These results underscore the cerebellum’s involvement in cognitive pain modulation and
suggest that targeting this pathway could offer new approaches for pain relief, including advanced
neurostimulation and tailored cognitive therapies.
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What underpins the neural circuitry of placebo pain relief? Recent research published in Nature (DOI: 10.
1038/541586-024-07816-z) by Chen et al. provides novel insights into the role of the cortico-ponto-

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0  [=]"
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, g
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

m www.oaepublish.com/and



https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/and
https://dx.doi.org/10.20517/and.2024.26
https://doi.org/10.1038/s41586-024-07816-z
https://doi.org/10.1038/s41586-024-07816-z
http://crossmark.crossref.org/dialog/?doi=10.20517/and.2024.26&domain=pdf

Page 2 of 5 Jia et al. Ageing Neur Dis. 2025;5:3 | https://dx.doi.org/10.20517/and.2024.26

cerebellar pathway in modulating cognitive aspects of pain [Figure 1A]". Their findings suggest that
targeting cerebellar circuitry with neurostimulation could pave the way for new pain management
approaches.

Cognitive modulation of pain involves the influence of mental and cognitive processes - such as
expectation, attention, and appraisal - on pain perception and experience”. The placebo effect, a
phenomenon where pain relief is achieved through expectation rather than actual treatment, exemplifies
this cognitive influence”. The neural mechanisms underlying placebo analgesia remain largely elusive, with
most insights derived from human brain imaging and electrophysiological studies. These studies have
identified altered activity in key brain regions, including the rostral anterior cingulate cortex (rACC),
prefrontal cortex (PFC), medial thalamus, and nucleus accumbens, in association with placebo analgesia*.

However, the precise neural circuits mediating these effects remain unclear. While pain modulation engages
multiple brain systems, ranging from the spinal cord and cerebellum to the PFC, existing research has
largely focused on these pathways without fully accounting for the cognitive, emotional, and sensory
components underlying placebo analgesia. A key limitation in advancing this field is the lack of an ideal
animal model for studying placebo effects. To address this gap, Chen et al. developed an animal model of
placebo analgesia and utilized optogenetics, calcium imaging, and electrophysiology to investigate its neural
mechanisms'. Their findings identify the cortico-ponto-cerebellar circuitry as a key pathway in placebo
analgesia, providing novel insights into how this circuit contributes to placebo-induced pain relief.

The researchers initially developed an animal model of placebo analgesia conditioning that successfully
established pain relief expectations in mice [Figure 1B]"\. The placebo analgesia conditioning assay involves
three phases: habituation (days 1-3), conditioning (days 4-6), and post-conditioning analgesia testing (day
7). During conditioning, mice learn to associate one chamber (set at 30 °C) with pain relief after
experiencing noxious heat (48 °C) in another chamber. On the post-test day, both chambers are set to 48 °C,
revealing that conditioned mice exhibit prolonged latencies to nocifensive behaviors (e.g., paw licking,
rearing, and jumping), indicative of an analgesic effect driven by expectation [Figure 1B]. Although this
model may not encompass all the complexities of human placebo analgesia, it captures several essential
features, including dependence on the endogenous opioid system, the persistence of pain relief expectations,
and variability in placebo responses.

The study provides compelling evidence of direct monosynaptic projections from the rACC to the pontine
nucleus (PN), highlighting the involvement of the rACC-PN pathway in encoding pain relief
expectations"’. At the mesoscopic and cellular level, single-cell RNA sequencing identified neurons in the
PN expressing Oprd1, which project to cerebellar lobules VI, crus I-II - regions associated with cognitive
functions™. This study elucidates how the rACC mediates placebo analgesia via projections to the PN and
subsequent cerebellar engagement in the circuit-level process [Figure 1A]. Furthermore,
electrophysiological data demonstrated that placebo analgesia specifically enhances the activity of rACC
neurons projecting to the PN and increases Ca*" activity in cerebellar Purkinje cells within the VI lobule,
mediated by Oprdi-expressing neurons in the PN".

At the synaptic level, the PN conveys pain relief expectations from the rACC to the cerebellum by
amplifying the amplitude and frequency of Ca* spikes in the dendrites of Purkinje cells [Figure 1C]. The
study also found feedforward inhibition and synaptic plasticity in the rACC — PN neurons and Purkinje
cells under placebo analgesia'". Feedforward inhibition plays a crucial role in regulating burst firing,
structuring network representations of behavioral events, and modulating Ca* signaling during learning
processes. Therefore, it is proposed that reduced feedforward inhibition might serve as a common synaptic
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Figure 1. Neural circuit basis of cognitive pain modulation. (A) Recent research published in Nature by Chen et al. identified the cortico-
ponto-cerebellar pathway in the regulation of cognitive aspects of painm;(B) A placebo analgesia conditioning assay designed for
rodents to generate placebo-like anticipatory pain relief, allowing for the evaluation of the resulting analgesic effect. Ctrl, the control
group; Cond, placebo analgesia condition group; (C) Schematic of the recording configuration for rACC — PN — Purkinje circuitry.
rACC: Rostral anterior cingulate cortex; PN: pontine nucleus; IN: local interneurons.

mechanism for mediating pain relief expectations in both the cerebral and cerebellar cortices.

It has been shown that feedforward inhibition refines pain-related neural processing by enhancing signal
precision and preventing excessive excitatory activity”. This inhibitory mechanism is crucial for filtering
nociceptive inputs and modulating pain perception based on cognitive and emotional context. Meanwhile,
synaptic plasticity, including long-term potentiation and long-term depression, underpins experience-
dependent changes in pain sensitivity and placebo analgesia'®. The cerebellum is increasingly recognized for
its role in pain modulation through cortico-cerebellar interactions, integrating cognitive and affective
signals to regulate pain responses via the cortico-ponto-cerebellar circuitry and influencing synaptic
plasticity in cognitive pain modulation-related pathways.

The authors’ findings expand on previous research by highlighting the cerebellum’s role not only in motor
control but also in a range of cognitive functions, including attention, memory, language, social
interactions, emotional regulation'”, and now, cognitive pain modulation. There is broad agreement on the
cerebellum’s critical role in cognitive modulation, with evidence suggesting that damage to cerebellar
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regions associated with cognitive and affective processes can lead to “dysmetria of thought” symptoms'”.
Current understanding emphasizes that the cerebellum regulates cognitive processing through its
interactions with various cortical regions and its involvement in different intrinsic connectivity networks'”.
Recent studies have revealed the cerebellum’s influence on cognitive and decision-making processes and
have linked cerebellar dysfunction to numerous psychiatric and neurodegenerative disorders, including
Alzheimer’s disease'”. Advances in neuropathology and neuroimaging have further highlighted the
cerebellum’s role in cognitive impairment and disease progression in Alzheimer’s disease®. Remarkably, the
cerebellum has emerged as a promising target for neurostimulation therapies aimed at enhancing cognitive
function across multiple domains". A recent randomized clinical trial demonstrated that repetitive
transcranial magnetic stimulation (TMS) of the cerebellum significantly improved cognitive recovery and

altered specific cerebellar-thalamic-cerebral functional connectivity in patients with Alzheimer’s disease""’.

Expanding on these insights, researchers suggest that novel analgesic drugs and neurostimulation
techniques, such as TMS or deep brain stimulation, could be developed specifically to target cerebellar
pathways, aiming to alter pain processing at its source. However, cerebellar neurostimulation for pain
management remains challenging due to individual variability in response to stimulation, as well as the
difficulty of achieving precise targeting within complex cerebellar circuits to ensure effective and consistent
analgesic outcomes. Furthermore, cognitive behavioral therapies could be adapted to incorporate
cerebellum-focused strategies, enabling patients to better manage pain through integrated multimodal
interventions. By combining pharmacological approaches with cognitive behavioral therapy that leverages
the cerebellum’s role in cognitive and sensory processing, a more comprehensive framework for pain
management may be developed"?..

This study also raises important questions about the direct applicability of findings from mouse models to
the complexity of human physiology in placebo analgesia. The identified neural pathway, while providing
valuable insights, may oversimplify the multifaceted nature of pain perception and modulation in living
organisms. Additionally, although the study highlights specific neural circuits, it may not fully account for
the contributions of various neurotransmitter systems that play a role in placebo analgesia.

Building on the findings of Chen et al, future research should explore several key areas to further
understand the neural mechanisms of placebo analgesia". First, bridging the gap between animal models
and human studies is essential. Utilizing non-invasive neuroimaging techniques, such as functional
magnetic resonance imaging or positron emission tomography, could help validate these neural circuits in
humans and assess their clinical significance. Second, the influence of psychological and environmental
factors on placebo analgesia warrants further investigation. Exploring how individual differences in
expectancy, emotional states, and past experiences shape these neural circuits could offer a more
comprehensive perspective. Third, beyond the opioid system, future studies should examine the potential
contributions of other neurotransmitter systems, such as serotonin, norepinephrine, and endocannabinoids,
to placebo-induced analgesia. Addressing these aspects will contribute to a more nuanced understanding of
placebo mechanisms and their potential clinical applications.

In summary, Chen et al. have significantly advanced our understanding of the circuit, cellular, and synaptic
mechanisms behind placebo-induced pain relief”. Their research underscores the potential of targeting
cerebellar pathways with pharmacological and neurostimulation approaches as a promising strategy for pain
relief and managing related cognitive dysfunctions.
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