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Abstract

Chronic pain is characterized by discrete pain episodes of unpredictable frequency and duration.
This hinders the study of pain mechanisms, and contributes to the use of pharmacological
treatments associated with side effects, addiction and drug tolerance. Here, we show that a
closed-loop brain—-machine interface (BMI) can modulate sensory-affective experiences in real
time in freely behaving rats by coupling neural codes for nociception directly with therapeutic
cortical stimulation. The BMI decodes the onset of nociception via a state-space model on the
basis of the analysis of online-sorted spikes recorded from the anterior cingulate cortex (which
is critical for pain processing), and couples real-time pain detection with optogenetic activation
of the prelimbic prefrontal cortex (which exerts top—down nociceptive regulation). In rats, the
BMI effectively inhibited sensory and affective behaviors caused by acute mechanical or thermal
pain, and by chronic inflammatory or neuropathic pain. The approach provides a blueprint for
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demand-based neuromodulation to treat sensory-affective disorders, and could be further leveraged
for nociceptive control and to study pain mechanisms.

Chronic pain affects one in four adults, and it is composed of discrete episodes of acute
pain that are triggered by external stimuli or occur spontaneously?. Currently, there is

no method to isolate individual symptomatic episodes, making it difficult for the study

of pain mechanisms, especially the mechanisms of spontaneously occurring pain, and for
treatment. Pain treatment, therefore, depends on continuous pharmacological delivery or
neurostimulation. Around-the-clock pharmacological treatment for chronic pain is linked
with sedation, desensitization and even addiction?3. Meanwhile, continuous spinal cord
stimulation is associated with side effects such as numbness and paresthesia®, whereas
brain targets serve a multitude of functions, making continuous stimulation impractical to
implement, with questionable long-term benefits>=31. Therefore, a key challenge in the study
and management of chronic pain is to aim treatment at specific symptomatic episodes to
minimize side effects of overuse and to improve compliance.

A closed-loop BMI couples automated detection of neural signals for behavior with
therapeutic neuromodulation and has shown promise for seizure control and motor
rehabilitation32-46, Recent advances in optogenetics and in? vivo electrophysiology enable
closed-loop control of discrete neural circuits for mechanistic and treatment studies in
experimental models#’:48. However, the application of closed-loop BMI remains highly
speculative in sensory-affective disorders, due to challenges in real-time sensory decoding
and direct behavioral control in awake experimental subjects. We hypothesize that by
coupling pain episodes detected by automated analysis of neural activity with therapeutic
brain stimulation, a closed-loop BMI can deliver demand-based analgesia to minimize
overuse and improve safety. Just as importantly, this interface can be used for studies of
pain mechanisms, especially mechanisms of spontaneous pain or tonic pain, which currently
cannot be reliably assessed.

The design of a closed-loop BMI requires an input arm for signal detection and an output
arm for treatment (Fig. 1). The challenge with the design of a BMI for pain control is that
unlike visual or auditory systems, there is no primary pain cortex. Instead, multiple cortical
regions are involved in processing and regulating pain. A wealth of human neuroimaging
and lesioning data, as well as animal data, have indicated that the anterior cingulate cortex
(ACC) is critical for pain processing®®-6°. Supervised or unsupervised learning methods
have shown that neural signals from the ACC, including spike activities, can distinguish the
intensity and timing of noxious inputs with good sensitivity and specificity®’-5966, Thus,
neural activity recorded from the ACC could be used for pain detection in the design of a
prototype BMI approach. For the treatment output arm, we sought brain targets that could
provide endogenous pain relief. Activation of these regions with a BMI in a temporally
regulated manner presumably could provide additional pain relief while minimizing side
effects. Recent work from multiple groups has shown that pyramidal neurons in the
prelimbic region of the PFC project to regions such as the nucleus accumbens, amygdala and
periaqueductal gray to exert endogenous relief of sensory and affective behaviors associated
with acute and chronic pain in rodent models87-76, Meanwhile, prior unbiased machine
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learning analyses also revealed that neural firing rates in the prelimbic PFC could distinguish
noxious from non-noxious peripheral stimuli with up to 75% accuracy, further supporting
the specificity of the nociceptive response in this region’2. The rodent prelimbic PFC shares
functional and structural homology with the dorsolateral PFC in primates’8:.77. Previous
studies have shown that functional deficits in the dorsolateral PFC play a significant role for
the pathogenesis of chronic pain, and this region will likely serve as a key neuromodulation
target in patients’8. Therefore, to facilitate translation, we have selected the PFC as the
treatment arm in the development of the pain-modulating BMI.

Design of a closed-loop BMI to study and treat pain.

To develop a closed-loop BMI for pain, we paired a detection arm with a treatment arm
(Fig. 1a). We used neural activity recorded from the ACC for pain detection in the current
design, given its critical role in pain processing (Fig. 1b and Supplementary Fig. 1a)49-65.
Decoding the onset and duration of a sensory or aversive event in real time in an awake,
freely behaving animal or human subjects requires a statistical model to detect changes in
neural responses in the presence of background noise. We have developed a state-space
model (SSM) to analyze the onset of changes in ensemble spike activity in the ACC

in response to noxious stimuli (see Methods; Fig. 1c, and Supplementary Fig. 1d). With
this SSM-based strategy, we identify a proxy for the acute pain signal that drives the
observed population spike activity, thus formulating pain onset detection as detection of a
change from the putative baseline condition. This model-based strategy has revealed that
the latent processes driving ACC neuronal activities correlate to the onset of observed pain
behavior with high degrees of accuracy and temporal precision®’-28, Here, we have adapted
this SSM-based strategy for real-time detection of the onset and duration of nociceptive
responses in the ACC from awake, freely behaving rats (Fig. 1). For the treatment arm,

we used optogenetic activation of the prelimbic PFC, a region that has been shown to
provide top-down pain regulation’=78, in our current BMI design (Supplementary Fig. 1b,
c). To assist online model parameter selection and data visualization, we designed a custom
graphic user interface (GUI) to integrate the pain detection arm with the treatment arm,
forming a closed-loop neural interface (Supplementary Fig. 1c, €).

Closed-loop BMI controls acute evoked pain.

We first applied this real-time BMI in the context of acute thermal pain. We used a
calibrated infrared (IR) generator from the Hargreaves pain assessment toolkit to deliver

a noxious stimulus at high IR intensity, and a non-noxious stimulus at low IR intensity

to the hind paws of rats (Fig. 2a, b). As shown previously, ACC neurons contralateral to
the site of peripheral stimulation increased their firing rates in response to the noxious
thermal stimulus (Supplementary Fig. 2a, c—€)°°. In contrast, the non-noxious stimulus did
not produce significantly increased spiking activities in the same neurons (Supplementary
Fig. 2b—e). We applied our SSM decoding method to detect the onset of nociceptive ACC
neuronal responses in real time (Fig. 1c, and Supplementary Fig. 1c). Our model-based
strategy detected the onset of pain-induced responses reliably after the presentation of
noxious stimulus, with high temporal precision (Fig. 2c). The SSM-based decoder detected
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up to 80% evoked thermal pain episodes, with relatively low false detection rates (Fig.

2d, e, and Supplementary Table 1). In a majority of the cases, detection occurred after

the presentation of noxious stimulus but prior to paw withdrawals, suggesting that cortical
nociceptive response precedes behavioral response (Fig. 2c, f, g). These results validate

the accuracy of our pain-onset decoder and the possibility for a closed-loop system to
intervene in pain-related behaviors immediately after the detection of cortical nociceptive
responses. Thus, we coupled this detection of nociceptive activity triggered by the SSM with
optogenetic stimulation of the prelimbic PFC contralateral to the ACC recording sites (Fig.
1 and Supplementary Fig. 1a, b). We expressed ChR2 (or YFP control) using a CaMKI|I
promotor to activate pyramidal neurons in the prelimbic PFC (Supplementary Fig. 1b). We
applied our closed-loop BMI to the Hargreaves test of acute thermal pain (Fig. 2f). Our
results showed that the BMI treatment prolonged withdrawal latency on the Hargreaves test,
indicating relief of pain-related behavior (Fig. 2h). We then compared the pain-inhibitory
effect provided by the BMI with that provided by manually controlled, continuous PFC
activation. We found that BMI-triggered PFC activation was as efficacious as continuous
PFC activation in reducing thermal sensitivity on the Hargreaves test, further validating

the capability of this closed-loop neuromodulation system to inhibit pain (Fig. 2h). At the
cellular level, activation by BMI reduced the peak and cumulative firing rates of ACC pain
responsive neurons after noxious stimulations (Fig. 2i—k). This temporally specific reduction
in ACC neuronal activity confirms the causal effect between ACC firing activity and pain
behaviors that has been suggested in previous studies®3>. Therefore, a closed-loop BMI
can not only deliver therapeutic interventions in real time, but also enable studies of causal
inference for the neural basis of pain.

Next, we used pin prick (PP) to deliver mechanical pain to the hind paws of rats (Fig. 3a, b).
In contrast to IR, PP caused almost instantaneous withdrawal response. Nevertheless, ACC
neurons increased their firing rates in response to noxious stimulations (Supplementary Fig.
3a, c-e), in contrast to non-noxious stimulations (von Frey filaments, or vF) (Supplementary
Fig. 3b—e), and our SSM-based decoder was able to detect these evoked mechanical pain
episodes (Fig. 3c—e, and Supplementary Table 1).

Pain is characterized by both sensory and affective components. To test the affective
component of pain, we used a classic conditioned place aversion (CPA) assay to assess

the ability of the BMI to control the aversive response to mechanical pain®%72.79.80_ During
the conditioning phase, we applied noxious stimulations (PP) to the rats’ hind paws in

both treatment chambers (Fig. 3f). In one of these chambers, rats received automated,
BMI-triggered therapeutic PFC activation. In the opposite chamber, rats received randomly
delivered PFC stimulations of matching duration and intensity. After conditioning, rats
preferred the chamber associated with the BMI treatment (Fig. 3g). Similarly, rats preferred
BMI-triggered PFC activation to no PFC activation (Supplementary Fig. 4a, b). In contrast,
control rats that did not express ChR2 did not develop chamber preference (Fig. 3h, i).
Further, conditioning with randomly delivered optogenetic PFC stimulation did not result in
chamber preference (Supplementary Fig. 4c, d), suggesting that context-specific activation
of the prelimbic PFC is important for providing pain relief. To rule out potential cognitive
and affective side effects of PFC stimulation associated with BMI, we tested the preference
for the BMI in control rats where a non-noxious stimulus (a 6g von Frey, or vF, stimulus)
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was presented in both chambers (Supplementary Fig. 5a, b). In the absence of noxious
stimuli, rats did not develop a preference for the BMI treatment, indicating that PFC
stimulation delivered by the BMI was not intrinsically rewarding or aversive. Furthermore,
BMI did not alter locomotion (Supplementary Fig. 5¢). Therefore, a closed-loop system
coupling detected nociceptive responses in the ACC with therapeutic PFC activation
specifically inhibits both sensory and affective behavioral response to acute noxious stimuli.

Closed-loop BMI controls chronic pain.

Next, we investigated whether this closed-loop BMI could be used to inhibit chronic pain.
Two hallmark features of chronic pain are hypersensitivity to peripheral stimuli and tonic
or spontaneous pain. We first assessed hypersensitivity in a well-established inflammatory
pain model (Complete Freund’s Adjuvant or CFA model, Fig. 4a). As expected®®, CFA-
treated rats developed sensory allodynia to mechanical von Frey filament (vF) stimulations,
as manifested by paw withdrawal responses (Fig. 4b and Supplementary Fig. 6a). Our
neural decoding analysis distinguished a 6g vF stimulus that sufficiently elicited nocifensive
withdrawals from a 0.4g vF stimulus that did not elicit withdrawals (Fig. 4c—e and
Supplementary Table 1). These results indicate that in addition to detecting events triggered
by noxious stimuli, our SSM-based strategy can also detect allodynia events in real time.
BMI-triggered activation of the prelimbic PFC, meanwhile, reduced mechanical allodynia
(Fig. 4f). In addition to peripheral hypersensitivity at the site of injury, chronic pain also
causes an increased aversive response, which can be assessed by the CPA59.68.72.79.80 |
one chamber, we paired a peripheral 6g vF stimulus (which is sufficient to induce allodynia)
with BMI-driven activation of the PFC, and in the opposite chamber paired this stimulus
with randomly delivered PFC activation (Fig. 4g). After conditioning, rats preferred the
BMI-paired chamber (Fig. 4h—j). In contrast, rats did not prefer the BMI-paired chamber
when they received a non-noxious, 0.4g vF stimulus during conditioning (Supplementary
Fig. 6b, c). We then repeated these experiments in a model of chronic neuropathic pain
(Spared Nerve Injury or SNI)87-81 (Fig. 5a, b and Supplementary Fig. 7a). Again, our SSM-
based strategy could detect when rats received a 6g vF stimulus that elicited nocifensive
withdrawals, versus when rats received a 0.4g vF stimulus that did not consistently elicit
withdrawals (Fig. 5¢c—e and Supplementary Table 1). The BMI, driven by pain detection,

in turn reduced mechanical allodynia in the SNI model (Fig. 5f). In the CPA assay, we
paired the 6g vF stimulus with either BMI-triggered or random PFC activation (Fig. 5g),
and SNI-treated rats preferred the BMI-paired chamber (Fig. 5h—j). In contrast, rats showed
no preference for the BMI-paired chamber if the peripheral stimulus was non-noxious
(Supplementary Fig. 7b, c). Together, these results demonstrate that peripheral allodynia

in the chronic pain state produces similar neural responses in the ACC as acute noxious
stimulations in naive animals, and these neural responses can in turn be used to trigger
closed-loop neurostimulation to inhibit sensory hypersensitivity and decrease aversion.

In addition to hypersensitivity to evoked stimuli, a key symptom for chronic pain is tonic
pain80. Recent studies have shown that the CPA assay can be used to specifically test the
presence of tonic pain in animal models®7:80.82.83 However, the identification of discrete
spontaneously occurring pain-aversive episodes that underlie tonic pain remains an unmet
challenge in both animal and human research. This challenge hinders the understanding

Nat Biomed Eng. Author manuscript; available in PMC 2022 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

of neural mechanisms for tonic pain and the development of appropriate therapeutics.

The high temporal precision of the closed-loop BMI provides a solution to this problem.

A number of studies have demonstrated the critical role of ACC neurons in mediating

the tonic-aversive quality of chronic pain®2:53:59.84 Thus, we hypothesized our decoding
algorithm could be triggered by spontaneously occurring nociceptive signals in ACC. To
detect such signals, we inferred state-space model parameters based on population ACC
activities during training trials from evoked pain episodes, and then applied these parameters
to isolate putative spontaneous pain episodes based on dynamic changes in ACC activities in
freely-moving rats from chronic pain models (see Methods). The accuracy of these detected
episodes could then be tested by the application of BMI on pain behaviors in the CPA

assay. In CFA-treated rats, we paired one CPA chamber with BMI, and the other chamber
with random activation of the PFC of matching duration and intensity, in the absence of
additional peripheral stimulations (Fig. 6a). Detected nociceptive activity in the ACC should
trigger PFC activation to inhibit pain-related behaviors during a prolonged conditioning
phase8®. As we expected, after training with an evoked stimulus, our decoder identified
putative spontaneous pain episodes in the CFA model (Fig. 6b and Supplementary Fig. 8).
After conditioning, rats developed preference for the chamber associated with BMI-triggered
PFC activation, suggesting that our BMI could identify and treat spontaneous pain (Fig.
6c—e). These results support the role of the ACC neurons to process the aversive signal

in tonic pain conditions as shown in previous studies®2:53:59.84 To rule out the potential
rewarding effects of BMI, we tested the preference for the BMI in naive rats, and found that
these control rats did not develop a preference for the BMI treatment (Supplementary Fig.
9).

Next, we tested the ability of the BMI for targeting tonic neuropathic pain in the SNI model
(Fig. 7a). Our SSM-based strategy provided similar spontaneous nociceptive detection in
the SNI model (Fig. 7b), and rats showed preference for the BMI treatment, suggesting that
our closed-loop BMI could inhibit tonic pain (Fig. 7c—e). As PFC activation triggered by
detected ACC nociceptive response induces pain relief compared with random activation,
the detected activity has a high likelihood of underlying true spontaneous pain events.
Therefore, our BMI can serve as a valuable tool for identifying spontaneously occurring
pain for mechanistic inquiries. To validate the capability of our BMI to detect and modulate
tonic pain, we examined its efficacy at inhibiting paw-licking behaviors. Paw licking has
been identified as a spontaneous pain-related behavior in inflammatory pain models86-89,
Here we found that the closed-loop BMI was effective in reducing the paw-licking frequency
and duration in the CFA model (Supplementary Fig. 10). These results further support the
efficacy of the closed-loop BMI to detect and treat tonic pain in rodent models.

Discussion

To date, treatment options for chronic pain remain limited, and continuous pharmacological
and neuromodulation therapies are associated with multiple side effects. Here we have
engineered a BMI as a prototype closed-loop neuromodulation system to inhibit pain. This
system can be used to test therapeutics and to provide causal inference for mechanisms of
nociception. It can be further developed to deliver demand-based pain treatment in patients.
A major advantage of this system is its ability to provide high temporal resolution to
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precisely target discrete symptomatic episodes. By tailoring transient brain stimulation with
specific pain episodes, this BMI can minimize over-treatment to improve compliance and
reduce side effects for patients who need long-term therapies.

In our study, we have chosen the ACC as the detection arm and the PFC as the treatment
arm. The choice of ACC for pain detection is based on its well-established function in pain
processing#9-6590, as well as previous success in determining the intensity and timing of
pain based on pre-recorded neural activities in this region®’-59.66_ Our results here validate
the important role of the ACC to signal the onset and duration of pain, compatible with
previous reports®23:59.84 Fyture studies can further refine the detection sensitivity for
spontaneously occurring pain, by scaling up or down the coefficients of our model-based
decoding algorithm, or by combining recordings from additional neural regions. Future
investigations can also examine in greater detail how pain decoding in the ACC correlates
with pain identification using behavioral analyses®1:92, In our study, we have targeted

the prelimbic PFC as the treatment arm, as previous studies have shown that this region
provides critical top-down projections for endogenous pain inhibition®7=71. Our behavioral
results validate the role of this region in the regulation of both sensory withdrawal and
pain-related aversion. Our results further showed that transient activation of the PFC is
sufficient to reduce pain symptoms, as long as neuromodulation is temporally coupled with
nociceptive inputs. Given well-established structural and functional homology between the
rodent prelimbic PFC and the dorsolateral PFC in humans’877, our prototype BMI provides
the intriguing potential for effective demand-based treatment in patients.

Like many cortical areas, the ACC and PFC have multiple functions in addition to pain
processing and regulation. Since currently we do not have specific anatomic targets for pain
treatment, most brain regions that can be used as components of a practical closed-loop
BMI will inevitably have nonspecific effects. Similarly, nonspecific effects are associated
with current neuromodulation treatments such as deep brain stimulation treatments for
Parkinson’s disease or mood disorders93:94. However, a BMI approach can reduce these side
effects by restricting these nonspecific effects to the duration of treatment, which in turn

is limited to only when the brain senses pain. Thus, in our study we propose a method

to improve pain treatment specificity in terms of time and context, and this approach can
complement future efforts to achieve further specificity through improved spatial, anatomic
and cellular resolution.

While we have used the ACC and PFC in the development of our pain BMI, our system has
the flexibility to operate with other cortical or subcortical targets. For example, activities in
the primary somatosensory cortex, the insular cortex, the thalamus, and amygdala, can all
form detection arms in this BMI, and a comparison of BMI-mediated behavioral control will
quantify the specific contribution of individual regions to pain processing. While false and
missed detections can be caused by non-specificity and/or non-stationarity of neuronal firing
in specific brain regions of freely behaving rats, simultaneous recordings across multiple
pain-processing regions in the brain, such as the ACC, the primary somatosensory cortex
and the insular cortex, have the potential to further improve decoding accuracy, especially
for spontaneously occurring pain episodes®. Meanwhile, additional pain-regulating regions
such as the primary motor cortex and the periaqueductal gray can also be tested as the

Nat Biomed Eng. Author manuscript; available in PMC 2022 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 8

therapeutic arm of this BMI. Future work in these and other cortical and subcortical regions
shall be done to further validate and refine our BMI design. In addition, our neural interface
can be applied to causal investigations of real-time neural changes across multiple brain
regions for pain processing and regulation as well as investigations of laterality of cortical
pain processing.

To further facilitate clinical translation, future work should also focus on the use

of other recording modalities, including local field potentials, electrocorticography or
electroencephalogram signals, as well as the deployment of wireless electrical or ultrasound
stimulations. These future developments of the BMI technology will be particularly
beneficial for patients who suffer from chronic pain, such as patients with chronic
neuropathic back pain or fibromyalgia, whose symptoms can be triggered by specific
peripheral stimuli such as positional changes but may also occur spontaneously. Pain in
these patients are unpredictable and, in some cases, lacking anatomic specificity, making
continuous neuromodulation difficult to implement. As our study demonstrates, BMI
technology has the potential to capture these symptomatic pain episodes and provide
temporally targeted therapy to minimize over-treatment.

In summary, we have designed a closed-loop BMI to study and treat acute and chronic pain
in freely behaving experimental models. Our results provide evidence of feasibility for the

BMI technology to target sensory and affective processes associated with neuropsychiatric
diseases, both as a system for mechanistic inquiry and as a blueprint for therapy.

Methods

Experimental protocol, data acquisition and BMI system architecture.

All experimental studies were performed in accordance with the New York University
School of Medicine (NYUSOM) Institutional Animal Care and Use Committee and the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animalsto
ensure minimal animal use and discomfort. Male Sprague-Dawley rats were purchased from
Taconic Farms and kept at the vivarium facility in the NYU Langone Science Building, with
controlled humidity, temperature, and 12-hr (6:30 AM-6:30 PM) light-dark cycle. Food and
water were available ad libitum. Animals weighed 250 to 300 g upon arrival to the facility
and were given 10 days on average to adjust to the new environment before initiation of
experiments.

Virus construction and packaging.

Recombinant AAV vectors were serotyped with AAV1 coat proteins and packaged at the
UPenn vector core. Viral titers were 5x1012 particles per mL for AAV1.CaMKII.ChR2-
eYFP.WPRE.hGH, and AAV1. CaMKII(1.3).eYFP.WPRE.hGH.

Viral injection.

Rats were anesthetized with isoflurane (1.5 to 2%). In all experiments, virus was delivered
to the prelimbic PFC only. Rats were unilaterally injected with 0.5 L of viral vectors at a
rate of 0.1 pL every 20 s with a 26-gauge 1 pL Hamilton syringe at anteroposterior (AP)
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+2.9 mm, mediolateral (ML) +1.6 mm, and dorsoventral (DV) —3.7 mm, with tips angled
17° toward the midline. The microinjection needles were left in place for an additional 10
min, raised 1 mm, and left for another minute to allow for diffusion of virus particles away
from injection site and to minimize spread of viral particles along the injection tract. After
viral injections, the scalp was sutured and given three weeks for viral expression before optic
fiber and electrode implantation.

Prelimbic PFC optic fiber and ACC silicon probe implantation surgery.

Optic fiber and electrode implants were performed as described in previous studies®®72,

We constructed custom fiber optic cannulae with 200 pm optic fibers held in 2.5 mm
ferrules (Thorlabs) for prelimbic PFC optogenetic stimulation. 32-channel silicon probes
(Buzsaki32-H32_21 mm, NeuroNexus Technologies) were implanted in the ACC for neural
recording in this study. Silicon probes were glued with 3D printed custom design drives or
commercial dDrives (NeuroNexus Technologies) before implantation. During the implant,
rats were anesthetized with isoflurane (1.5 to 2%). Optic fibers were implanted 0.5 mm right
above prelimbic PFC viral injection spot (AP +2.9 mm, ML £1.6 mm, DV -3.2 mm), with
tips angled 17° toward the midline. Contralateral to the optical fiber implant, silicon probes
were implanted in the ACC (AP +2.7mm, ML+1.6 mm, DV -2.0 mm) with tips angled 20°
toward the midline. Silicone artificial dura gel (Cambridge NeuroTech) was added to protect
the dura. Vaseline was used for wrapping electrode movable parts, which include silicon
probe shanks and flexible cables, and drive shuttle. Both optical fiber and drive were secured
to the skull screws with dental cement. After surgery, rats were given one week to recover
before neural recordings.

In vivo electrophysiological recordings and optogenetic stimulation.

The hardware of the BMI system for pain experiments consists of following components:
electrode arrays (with drives) and headstages, commutator, data acquisition system, Optic
fiber cannulas, blue laser, desktop computer, video cameras and other optional devices, as
shown in Fig. 1 and Supplementary Fig. 1.

Animals with chronic optical fiber and electrode implants were given a 30 min period

to habituate to a recording chamber over a mesh or glass table before recording. Silicon
probes were connected with 32-ch digital headstages (HST/32D, Plexon) and wired through
a motorized commutator (OPT/Carousel M Commutator 2LED-4DHST-TH, Plexon). Optic
fiber cannulas were connected with a 465nm blue laser through mating sleeves (ADAF2,
Thorlabs) and fiber patch cables. The blue laser was magnetically mounted on the same
carousel commutator.

Neural signals were recorded through a 64-ch OmniPlex data acquisition system (Plexon).
The neural signals used for model-based pain detection were spiking rates of individual
neurons. Online sorted neural spikes from individual neurons and raw, unfiltered wide band
signals were recorded at 40 kHz sampling rate. Online sorted spike timestamps were used
for real-time close-loop pain onset detection. Raw wide band signals were saved for offline
sorting and further data analysis. In addition, real-time pain onset decoding timestamps,
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synchronized nociceptive stimuli or control stimuli timestamps, and autonomous triggered
blue laser onset timestamps were all recorded as digital events in the raw data.

The spikes were thresholded from high-pass filtered (>300 Hz) raw neural signals and
further online spike sorted through 2D Polygon method (PlexonControl, Plexon). Only
spikes with high signal-to-noise ratio (SNR>3) were selected for BMI population decoding.
Online sorted spike time events were packaged and sent to BMI client software through
Plexon application program interfaces with 50-ms bin size. The state space model would
calculate the output inference of current latent variable based on the binned spike counts.
The model would trigger an optogenetic stimulation if the threshold criteria was met. In the
meantime, the raw neural signals, online sorted spikes, multiple event time stamps which
included pain stimulus events, pain onset detection events, optogenetic stimulus events were
recorded through PlexControl (Plexon) for further offline data analysis.

For optogenetic stimulation, the blue laser was controlled by OmniPlex digital 5V TTL
output. The optic fiber tip output power was calibrated before experiments. The parameters
for optogenetic stimulation were 20 Hz with 10-ms pulse width, of 5-s duration. For control
experiments, during Hargeaves’ test, an experimenter manually turned on PFC stimulation
continuously whenever a thermal stimulus was applied®”.

During recording, three video cameras (DMK23U, Imaging Source, FDR-AX53, Sony) were
used to record rat behavior and BMI client software online-decoding results. The cameras
were synchronized with neural recording at the beginning of each recording session. Long
inter-trial intervals between trials were used to avoid behavioral or neural sensitization.

method for detecting the onset of pain signals.

Pain perception is a dynamic process, and the pain percept can be modeled as an abstract
latent variable. In our previous work, we have formulated the problem of detecting the
onset of pain signals as a change-point detection problem>7:28, The detection problem was
resolved by a state-space analysis, where the state-space model (SSM) consists of a state
equation and a measurement equation®. In the state equation (1), we assumed that the
temporal neural activity y,x (k=1,...,K), represented by a C-dimensional vector, was driven
by a common one-dimensional latent Markovian process z :

Zy = Az, + € (1)

where e specifies a temporal Gaussian prior (with zero mean and variance o2) on the latent
process, and 0<|d<1 is the first-order autoregressive (AR) coefficient. In the measurement
equations (2, 3), we assumed the Poisson linear dynamical system (PLDS) for neuronal
ensemble spikes, with the observation vector y consisting of spike count of Cneurons (bin
size A), where the logarithm of the neuronal firing rate, 7y, is modulated by a weight factor
in vector c plusa DC term d

n=cz.+d 0]
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y~Poisson(exp(n,)A) 3)

The modulation parameter in the vector ¢ determines the modulation degree of each

neuron. A high absolute value of the modulation indicates that the neuron is likely to be
pain-modulated. The second equation is a generalized linear model (GLM) that employs an
exponential link function through zy, where yis Poisson distributed with the rate parameter

exp(k)-

During the training phase, we have developed an iterative expectation maximization (EM)
algorithm to infer latent state sequences (E-step) and unknown parameters ®, where ®={a,

¢, d, a2} (M-step). This model estimation was completed in a few calibration trials at

the beginning of each BMI experiment. We used evoked pain trials in training, since the
parameter c reflects the degree of pain modulation for each neuron. Data from baseline alone
was not sufficient to infer the pain-modulation coefficients for pain-modulated neurons.
However, the parameter a and d could be estimated from the baseline without evoked pain
trials, or could be updated from time to time through the interactive graphic user interface
(GUI).

Upon model identification, in the testing trials, an online recursive filter was run to estimate
the latent state estimate z,57-58, Specifically, the recursive filtering operations consisted of a
prediction step (equations 4-6) and an update step (equations 7 and 8) as follows:

Ziko1 = QZx_ 1 @

Q-1 :asz—l\k—l+02 (5)
Vi1 = €xXp(CZi_ -1 + d)A (6)
Qi = Qi+ ¢" diag(Yuu-1)e @)
Zu = Ziger + Qk\kCT(yk — V-1 (8)

where Q41 and Qxx denote the predicted and filtered state covariance matrices,
respectively. The posterior state variance was derived from a Gaussian approximation of

the log-posterior, which is the sum of a log-Gaussian prior and a log-Poisson likelihood®”.
We then used the filtered latent state estimate z,,, to compute the Z-score related to the
baseline (equation 9) and further converted it to probability or one-tailed P-value23. We
monitored the probability to assess the significance of change point detection. The criterion
of Z-score change was determined by a critical threshold for reaching statistical significance.
The first time point that crossed the significance threshold for the change point was treated
as the onset of pain. Using 95% significance level, it was concluded that when Z-score-Cl >
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1.65 or Z-score + Cl < —=1.65, where the Cl denotes the confidence interval derived from the
state posterior variance.

Z._score =
- SD(Zbaseline)

©)

The same decoding strategy for acute pain was used to detect putative spontaneous pain,
where we trained the model parameter c 1-3 trials prior to detection.

BMI software development.

The BMI software that manages the operation of the system was run on a desktop PC (Intel
Xeon E5-1620 CPU, 3.5 GHz, 48 GB memory, Window OS). The software supported the
hardware system for online neural decoding analysis and the graphic user interface (GUI).

The components and tasks of the BMI system was managed by a client software including
the following modules: (i) data acquisition and buffering, (ii) online neural encoding/
decoding algorithms, (iii) external device control, (iv) configuration management, and (v)
user interfaces. We developed the software in C/C++ programming language along with the
software developing toolkit provided by Plexon and other open-source software packages.
To accommodate maximum flexibility while minimizing the complexity of maintenance,
the functional modules in the software were designed with encapsulation for decoupling
purposes.

Proper buffering was required for both the streaming neural signals and the decoding
analysis results. In online BMI experiments, although the total recording time lasted for

an hour or more, only the recent recorded data contributed to the detection analysis (e.g.
computation of Z-score and its confidence intervals) of the current time point. Therefore, we
used a small buffer space to store the newest data and updated the buffer when new data
arrived. To minimize the data transfer cost in the buffer space, we used a circular buffering
strategy; namely, the newest data always overwrote the oldest one.

The software consists of multiple task threads®. In order to avoid the mutual blocking
between multiple tasks, we assigned different tasks on multiple threads running in parallel.
The task threads included the acquisition thread, training threads, online decoding threads,
user interface (Ul) thread and external device controlling thread (Supplementary Fig. 1d). A
custom GUI was designed and managed by the Ul thread, allowing the visualization of the
streaming neural signals as well as the response for user operations (Supplementary Fig. 1e).

Complete Freund’s Adjuvant (CFA) administration.

To induce chronic inflammatory pain, 0.1 mL of CFA (Mycobacterium tuberculosis, Sigma-
Aldrich) was suspended in an oil saline 1:1 emulsion and injected subcutaneously into the
plantar aspect of the hind paw. CFA injections were administered into the paw that was
contralateral to implanted recording electrodes.
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Spared nerve injury (SNI) procedure.

SNI procedure was performed as described previously®®. After rats were anesthetized with
isoflurane (1.5 to 2%), the skin on the lateral surface of the thighs was incised. The bicep
femoris was dissected to expose the sciatic nerve and its three terminal branches: sural,
common peroneal, and tibial nerves. The common peroneal and tibial nerves were tied off
with nonabsorbent 5-0 silk sutures at the proximal point of the trifurcation, and then cut
distal to each knot to prevent reattachments. The muscle layer was then sutured closed with
4-0 absorbable sutures and the skin was sutured closed with 3-0 silk sutures. SNI procedure
was performed on the side contralateral to implanted recording electrodes.

Hargreaves Test (Plantar Test).

The Hargreaves test was performed to evaluate the rats’ response to acute thermal
stimulation. A mobile radiant heat-emitting device with an aperture of 10 mm (37370 plantar
test, Ugo Basile) was used to produce acute thermal stimulation of the plantar surface

of the hind paw. The rats were placed in a plexiglass chamber over a Hargreaves glass

table and allowed to habituate. An average of at least 5 trials were performed to measure
the latency to paw withdrawal for each testing condition. This latency was automatically
recorded, and an average latency across the trials was computed. Paw withdrawals resulting
from locomotion or weight shifting were not counted and the trials were repeated in such
cases. Measurements were repeated at approximately 5-min intervals. An IR intensity of 70
was used to provide noxious stimulation, and IR intensity of 10 was used as control for
non-noxious thermal stimulation that was not noxious. IR stimuli were terminated by paw
withdrawals or held continuously for 5 s.

For online BMI experiments, the SSM was first trained with 1-5 trials (“calibration trials”)
of noxious stimulus at the beginning of the experiment. Following training, an average of at
least 5 trials were performed with activation of the BMI to test the efficacy of the BMI in
inhibiting peripheral pain response. Measurements were repeated at 3-5 min intervals.

Mechanical pain detection.

Rats with optic fiber and silicon probe implants were given 30 min to habituate in a
plexiglass chamber over a mesh table. The SSM was trained using a noxious stimulus (pin
prick, or PP, in naive rats, and 6g von Frey filaments, or vF, in CFA- or SNI-treated rats).
The noxious stimulus was applied to the plantar surface of the hind paw contralateral to

the ACC recording site in freely moving rats. Noxious stimulations were terminated by paw
withdrawal. Following model training, a period of rest was given the rats to avoid behavioral
or neural hypersensitivity. A total of 20-25 trials were then performed with each stimulus
(equal number for each stimulation type with variable inter-trial intervals) to generate spike
raster plots and to assess pain detection accuracy. As a control, a non-noxious stimulus (6g
VF in naive rats and 0.4g vF in CFA- or SNI-treated rats) was delivered to the plantar surface
of the hind paw contralateral to the brain recording site in free-moving rats. Non-noxious
stimulations were applied for approximately 5 s or until paw withdrawal.
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Mechanical allodynia test.

A Dixon up-down method with vF filaments was used to measure mechanical allodynia®.
Prior to testing, the rats were placed in a plexiglass container over a mesh table and
acclimated for 20 minutes. A set with logarithmically incremental stiffness (0.45, 0.75, 1.20,
2.55, 4.40, 6.10, 10.50, 15.10) were applied to the hind paw in order to calculate 50%
withdrawal thresholds.

For BMI experiments, CFA or SNI-treated rats with optic fiber and electrode implants were
placed in a plexiglass chamber over a mesh table and allowed to habituate. 1-5 trials of 6g
vF stimulus delivered to the hind paw of the rat were used to train the SSM. Subsequently
the rats were allowed a period of rest to avoid hypersensitivity. The testing trials followed
the Dixon up-down method. Trials with detection were used to calculate 50% withdrawal
thresholds. All stimulations were applied to the plantar surface of the hind paw contralateral
to the brain recording site.

Conditioned place aversion test for evoked pain.

CPA experiments were conducted in a connected two-chamber device. Animal movements
in each chamber were recorded by a high-speed camera from above the chamber and
analyzed with the AnyMaze software (Stoelting Co.), followed by visual verification

of the recorded videos by an independent experimenter. The CPA protocol consists of
preconditioning (baseline), conditioning, and testing phases. During 10-min preconditioning,
the rat was allowed to move freely between the two chambers, and the time spent in each
chamber was recorded. Rats that spent more than 500 s or less than 100 s in each chamber
during the preconditioning phase were not used in further testing. After the training of the
model, the rat was then conditioned with either BMI or random optogenetic activation of
the PFC. One of the chambers was paired with BMI and the other chamber with random
optogenetic activation of matching intensity, number and duration (control). The animal
was confined to one of the associated chambers during each conditioning phase. During
conditioning with BMI, the total number and duration of optogenetic activation events
were calculated. The same number and duration of optogenetic activation was randomly
delivered in the opposite control chamber. Optogenetic activation and chamber pairings
were counterbalanced. The same peripheral stimulus was used in both chambers during the
conditioning. PP and 6g vF (control) were used for the testing of naive rats. For experiments
with CFA- and SNI-treated rats, 6g vF and 0.4g vF (control) were used to deliver peripheral
stimulus to the hind paw, whereas 6g stimulus was used to train the model. During the test
phase, the animal was not given any peripheral stimulus or optogenetic activation and had
access to move freely between the chambers. The time spent in each chamber was recorded
and analyzed.

Conditioned place aversion test for spontaneous or tonic pain.

CPA experiments were conducted for CFA- or SNI-treated rats in a connected two-chamber
device. Animal movements in each chamber were recorded by a high-speed camera

from above the chamber and analyzed with the AnyMaze software, followed by visual
verification of the recorded videos by an independent experimenter. The CPA protocol
consists of preconditioning (baseline), conditioning, and testing phases. During the 10 min
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of preconditioning, the rat was allowed to move freely between the two chambers, and the
time spent in each chamber was recorded. Rats that spent more than 500 s or less than

100 s in each chamber during the preconditioning phase were not used in further analysis.
Following preconditioning, the SSM was trained with 6g vF filament stimulation of the

hind paw. During conditioning (60 min total), no peripheral stimulus was given, but rats
received either BMI-triggered optogenetic activation of the prelimbic PFC or random PFC
(control) activations of matching duration and intensity. The animal was confined to one of
the associated chambers during each conditioning phase. During conditioning with BMI, the
total number and duration of optogenetic activation events were calculated, and the same
number and duration of activation was randomly delivered in the opposite control chamber.
Furthermore, optogenetic activation and chamber pairings were counterbalanced. During the
test phase, the animal was not given any peripheral stimulus or optogenetic activation and
had access to move freely between the chambers. The time spent in each chamber was
recorded and analyzed.

A total of 30 rats were used for all experiments. A subset of rats underwent acute pain assays
including the Hargreaves test and CPA for evoked pain prior to chronic pain experiments.
These rats were allowed sufficient time (1 week) to recover after acute pain assays and rest,
before the onset of chronic pain experiments.

Immunohistochemistry.

Rats were deeply anesthetized with isoflurane and transcardially perfused with ice-cold
phosphate-buffered saline (PBS) and paraformaldehyde (PFA). After extraction, brains were
fixed in 4% PFA overnight and then transferred to 30% sucrose in PBS to be cryoprotected
for 3 days5. Next, 20 um coronal sections were collected using Leica CM3050S cryostat
(Leica Biosystems), washed in PBS, and coverslipped with Vectashield mounting medium.
Sections from brains containing electrodes were stained with cresyl violet and imaged at
10x magnification with an Axio Zoom widefield microscope (Carl Zeiss). Sections also
were made after viral transfer for opsin verification, and these sections were stained with
anti-rabbit GFP (1:500, #AB290, Abcam), CaMKII-a (6G9) mouse monoclonal antibody
(mADb) (1:200, #50049, Cell Signaling Technology) antibodies, and coverslipped with DAPI
(1:200, Vector Laboratories). Secondary antibodies were anti-rabbit immunoglobulin G
(1gG) conjugated to Alexa Fluor 488, and anti-mouse IgG conjugated to Alexa Fluor

647 (1:200, Life Technologies). Images were acquired with a Zeiss LSM 700 confocal
microscope (Carl Zeiss).

Statistics and Reproducibility.

The neural data and behavior data were offline analyzed by custom MATLAB (\Version
2018, MathWorks) scripts, NeuroExplorer (Version 5.0, NeuroExplorer) and GraphPad
Prism Version 8 software (GraphPad). Online-sorted spikes were further offline spike sorted
by Offline Sorter (4.0, Plexon). For each sorted neuron, a peri-stimulation time histograms
(PSTH) was generated 5 s before and after the onset of the peripheral stimulus with 100 ms
bin size. The normalized Z-score firing rates at each bin was calculated by the following
equation: Z = (FR — mean of FRy,) / standard deviation of FRy, where FR indicates firing
rate and FRy, indicates baseline firing rate prior to stimulus. A positive or negative response
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unit was defined by at least 2 consecutive bins firing rates were higher or lower than mean
of FRy+/-3 standard deviation of FRy, within the range (0-5 s) for Hargreaves Test or (0-1
s) for PP and vF test. The cumulative firing rate was calculated by MATLAB function
trapz. Positive pain onset detection trials were defined by SSM prediction within 5 seconds
after stimulus (0-5 s). Detection rates were calculated by positive pain onset detection trials
divided by total stimulus trials. When the data normality holds, Student’s t test was used

to compare Z-scored firing rates across different conditions, and paired t test was used

for repeated data. Fisher’s exact test was used to analyze the population changes for pain
response. When the normality does not hold, we used the nonparametric rank-sum test or
signed-rank test.

The results of behavioral experiments were given as mean + s.e.m. For mechanical
allodynia, a one way ANOVA with repeated measures and post-hoc multiple pair-wise
comparison Bonferroni tests was used to compute the 50% withdrawal threshold over time,
whereas an unpaired Student’s t test was used to calculate the difference in allodynia
between BMI and control conditions. During the CPA test, a Wilcoxon signed-rank test was
used to compare the time spent in each treatment chamber before and after conditioning
(i.e. preconditioning vs testing phase for each chamber). A CPA score was calculated by
subtracting the time spent in the more noxious chamber during the testing phase from

the time spent in that chamber during the preconditioning phase. A two-tailed unpaired
Student’s t test was used to compare differences in CPA scores under various testing
conditions. Experimenter and data analysts were blinded to the condition of rats.

After experiments, animals were sacrificed, and 20 um brain sections were collected using a
Leica CM3050S cryostat machine and analyzed for viral expression, optic fiber localization,
and electrode localization with histological staining (Supplementary Fig. 1a, b) to verify
fiber or electrode placements and viral expression in the target brain regions. Animals with
improper fiber or electrode placements, low viral expression, or viral expression outside the
target brain areas were excluded from further analysis.

Reporting summary.

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

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1|. Design of a closed-loop brain-machine interface (BMI) to detect and treat pain.
a, Schematic of BMI that consists of three steps: (1) Neural recording and online

signal processing including spike sorting; (2) neural decoding for pain onset detection

based on sorted units; (3) pain onset detection to trigger therapeutic neurostimulation as
neurofeedback. The magenta and green circular symbols with black arrows indicate the
state-space model (SSM, details below). The curved magenta arrows denote data flow for
the model inputs, while the curved blue arrows denote the model outputs for therapeutic
neurostimulation. The blue box denotes the laser. b, Placement of optic fiber in the prelimbic
prefrontal cortex (PFC) and recording electrodes in the anterior cingulate cortex (ACC).

¢, Left: schematic of the state-space model (SSM) for detecting the change point (pain
onset) from the neuronal ensemble spike activity. Right: an example of pain onset detection
using the SSM-based decoding strategy. The top example raster plot shows online sorted
population spike counts (bin size = 50 ms), with the darker color representing greater

spike counts. The unit of color bar is spikes/bin. The bottom magenta trace represents

the estimated Z-score from the univariate latent state, and the shaded area marks the

95% confidence intervals (Cl). Horizontal dashed lines mark the significance thresholds.
Vertical yellow line denotes the onset of noxious stimulation. In the training phase, the SSM
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parameters were inferred from the ACC ensemble spike data as represented by the top raster
plot. In the testing phase, a one-dimensional discrete-time latent dynamic state sequence
{zi} (k=1,...,T) was inferred from the SSM, and the bottom Z-score (magenta trace) was
calculated from the inferred latent state variable (see Methods).
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Fig. 2|. Closed-loop BMI control of acute thermal pain.
a, Schematic of BMI experiments during thermal pain delivery with an infrared (IR)

emitter. Stimulus presentation lasted until paw withdrawal or 5 s. b, Peripheral nocifensive
behavioral response to thermal stimulation. A noxious stimulus (IR 70) triggered paw
withdrawals, whereas a non-noxious stimulus (IR 10) did not. Withdrawal rate, defined

as the percentage of peripheral stimulations that resulted in observed paw withdrawal, is
shown. n = 7 rats used with non-noxious stimulation (IR 10), n = 17 rats used with noxious
stimulation (IR 70); p < 0.0001, two-sided unpaired Student’s t test. Data are presented

as mean = s.e.m. of biological replicates. c, d, Example SSM detection performances. The
SSM-based decoder detected the onset of an pain episode in a single trial in response to
noxious stimulation (c), in contrast to a trial with non-noxious stimulation (d). The top
raster plots show online sorted population spike counts (bin size =50 ms), with the darker
color representing greater spike counts. The unit of color bar is spikes/bin. The bottom
magenta trace represents the estimated Z-score from the univariate latent state, and the
shaded area marks the 95% confidence intervals (CI). Horizontal dashed lines mark the
significance thresholds (see Methods). The vertical magenta and green lines indicate the
time of peripheral stimulation; magenta: noxious stimulus; green: non-noxious stimulus.
The vertical blue line indicates the time of paw withdrawal. The black arrow indicates the
decoded pain onset. n=28 biologically independent neurons recorded in the example session
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(panel c), and n=26 biologically independent neurons in the example session (panel d).

e, The performance of SSM-based decoder in detecting thermal pain. Pain detection rates
were calculated as a percentage of trials that had positive pain onset detection. n = 7 rats
used with non-noxious stimulation (IR 10), n = 18 rats used with noxious stimulation (IR
70); p < 0.0001, two-sided unpaired Student’s t test. Data are presented as mean + s.e.m.

of biological replicates. f, Schematic of SSM-decoder training and behavior testing with
BMI. g, Pain onset detection occurred prior to withdrawal responses to noxious thermal
stimulations. n = 9 sessions from 6 biologically independent rats; p = 0.0057, two-sided
paired Student’s t test. h, Application of the closed-loop BMI prolonged the withdrawal
latency on Hargreaves test. n = 8 rats. No opto vs. BMI opto: p = 0.0074, no opto vs. manual
opto: p =0.0027, BMI opto vs. manual opto: p = 0.4486, one-way ANOVA, two-sided
Tukey’s multiple comparisons test with repeated measures. Data are presented as mean *
s.e.m. of biological replicates. i, Left: a representative ACC neuron increased firing rates in
response to a noxious thermal stimulus (IR 70). Right: BMI reduced firing rate changes in
response to the noxious stimulus. Time 0 indicates the onset of the stimulus. FR: firing rates.
j» BMI treatment reduced the peak firing rates of pain-responsive ACC neurons in response
to the noxious stimulus (see Methods). n = 33 neurons from 6 rats, p = 0.0001, two-sided
paired Student’s t test. Data are presented as mean * s.e.m. of biological replicates. k, BMI
treatment reduced cumulative firing rate response of ACC neurons over a 5-s period (within
the [0, 5] s range, where time 0 indicates the onset of the stimulus) in response to the
noxious stimulus. n = 33 neurons from 6 rats, p = 0.0135, two-sided paired Student’s t test.
Data are presented as mean + s.e.m. of biological replicates.
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a, Schematic of BMI experiments during mechanical stimulus delivery. b, Peripheral
nocifensive behavioral response to mechanical stimulation. A noxious stimulus (pin prick
or PP) triggered paw withdrawals, whereas a non-noxious stimulus (6g von Frey filament,
or vF) did not. Withdrawal rate, defined as the percentage of peripheral stimulations that
resulted in observed paw withdrawal, is shown. n = 9 rats; p < 0.0001, two-sided paired
;(:> Student’s t test. Data are presented as mean + s.e.m. of biological replicates. c, d, The
= SSM-based decoder detected the onset of a pain episode in a single trial in response to
S noxious stimulation (PP, panel c), in contrast to a trial with non-noxious stimulation (6g
sz VF, panel d). The top raster plots show online sorted population spike counts (bin size
2 =50 ms), with the darker color representing greater spike counts. The unit of color bar is
8 spikes/bin. The bottom magenta trace represents the estimated Z-score from the univariate
-c_—;' latent state, and the shaded area marks the 95% confidence intervals (CI). Horizontal dashed
- lines mark the significance thresholds (see Methods). The vertical magenta and green lines
indicate the time of peripheral stimulation. magenta: noxious stimulus; green: non-noxious
stimulus. The vertical blue line indicates the time of paw withdrawal. The black arrow
indicates the decoded pain onset. n=26 biologically independent neurons in panel ¢, and
n=37 neurons in panel d. e, The performance of SSM-based decoder in detecting mechanical
(1_> pain. Detection rates were calculated as a percentage of trials that had positive pain onset
= detection. n = 9 rats; p = 0.0002, two-sided paired Student’s t test. Data are presented as
S mean * s.e.m. of biological replicates. f, Schematic of the conditioned place aversion (CPA)
QZJ assay to assess pain aversion. In a two-chamber set up, aversive response was triggered by a
2 noxious mechanical stimulus (PP) applied to the hind paws. One of the chambers was paired
@ with BMI, and the opposite chamber was paired with random PFC activation of matching
% duration and intensity. The orange solid line on the rat’s head denotes BMI decoding, while
- the blue line denotes optogenetic stimulation. In the control chamber, the dashed blue line
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indicates random optogenetic stimulation. g, After conditioning, ChR2 rats preferred BMI
treatment chamber. n = 9 rats; p = 0.0039, two-sided Wilcoxon signed-rank test. Data are
presented as mean + s.e.m. of biological replicates. h, YFP control rats demonstrated no
preference for the BMI treatment. n = 6 rats; p = 0.8438, two-sided Wilcoxon signed-rank
test. Data are presented as mean + s.e.m. of biological replicates. i, CPA scores for BMI
treatment in rats that experienced acute mechanical pain. n = 9 rats with ChR2 injection, n
= 6 control rats with YFP injection; p = 0.0016, two-sided Mann-Whitney U test. Data are
presented as mean + s.e.m. of biological replicates.
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Fig. 4. Closed-loop BMI control of evoked pain in a model of chronic inflammatory pain.
a, Schematic for the CFA model of inflammatory pain. b, Peripheral allodynia response

after CFA treatment. 6g VF triggered paw withdrawals, whereas 0.4g vF did not. Withdrawal
rate, defined as the percentage of peripheral stimulations that resulted in observed paw
withdrawal, is shown. n = 7 rats; p = 0.0008, two-sided paired Student’s t test. Data are
presented as mean + s.e.m of biological replicates. ¢, d, The SSM-based decoder detected
the onset of a pain episode in a single trial in response to peripheral allodynia-inducing
stimulus (6g VF, panel c¢) in a CFA-treated rat, in contrast to a trial with a non-allodynia-
inducing stimulus (0.4g vF, panel d). The top raster plots show online sorted population
spike counts (bin size =50 ms), with the darker color representing greater spike counts.

The unit of color bar is spikes/bin. The bottom magenta trace represents the estimated
Z-score from the univariate latent state, and the shaded area marks the 95% confidence
intervals (CI). Horizontal dashed lines mark the significance thresholds (see Methods).

The vertical magenta and green lines indicate the time of peripheral stimulation. magenta:
69 VF stimulus; green; 0.4g vF stimulus. The vertical blue line indicates the time of

paw withdrawal. The black arrow indicates the decoded pain onset. n=24 biologically
independent neurons in panel ¢, and n=24 neurons in panel d. e, The performance of SSM-
based decoder in detecting the onset of mechanical allodynia in CFA-treated rats. Detection
rates were calculated as a percentage of trials that had positive pain onset detection. n =7
rats; p = 0.0008, two-sided paired Student’s t test. Data are presented as mean + s.e.m. of
biological replicates. f, Closed-loop BMI inhibited mechanical allodynia in CFA-treated rats.
n = 6 rats with ChR2 injection, n = 4 control rats with YFP injection; p = 0.0002, two-sided
unpaired Student’s t test. Data are presented as mean + s.e.m. of biological replicates. g,
Schematic of the conditioned place aversion (CPA) assay in CFA-treated rats. Aversive
response was triggered by an allodynia-inducing mechanical stimulus (6g vF) applied in
both chambers. One of the chambers was paired with BMI, and the opposite chamber was
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paired with random PFC activation of matching duration and intensity. The orange solid line
on the rat’s head denotes BMI decoding, while the blue line denotes optogenetic stimulation.
In the control chamber, the dashed blue line indicates random optogenetic stimulation. h, In
ChR2 rats, BMI treatment reduced aversion associated with mechanical allodynia (triggered
by the 6g vF stimulus) in the CFA model. n = 8 rats; p = 0.0078, two-sided Wilcoxon
signed-rank test. Data are presented as mean + s.e.m. of biological replicates. i, YFP control
rats demonstrated no preference for the BMI treatment. n = 4 rats; p = 0.8750, two-sided
Wilcoxon signed-rank test. Data are presented as mean + s.e.m. of biological replicates. j,
CPA scores for BMI treatment in CFA-treated rats. n = 8 rats with ChR2 injection, n =

4 control rats with YFP injection; p = 0.0040, two-sided Mann-Whitney U test. Data are
presented as mean + s.e.m. of biological replicates.
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Fig. 5|. Closed-loop BMI control of evoked pain in a model of chronic neuropathic pain.
a, Schematic for the SNI model of chronic neuropathic pain. b, Peripheral allodynia

response after SNI. 6g VvF triggered paw withdrawals, whereas 0.4g vF did not. Withdrawal
rate, defined as the percentage of peripheral stimulations that resulted in observed paw
withdrawal, is shown. n = 6 rats; p < 0.0001, two-sided paired Student’s t test. Data are
presented as mean + s.e.m. of biological replicates. ¢, d, The SSM-based decoder detected
the onset of a pain episode in a single trial in response to peripheral allodynia-inducing
stimulus (6g VF, panel c¢) in a SNI-treated rat, in contrast to a trial with a non-allodynia-
inducing stimulus (0.4g vF, panel d). The top raster plots show online sorted population
spike counts (bin size =50 ms), with the darker color representing greater spike counts.

The unit of color bar is spikes/bin. The bottom magenta trace represents the estimated
Z-score from the univariate latent state, and the shaded area marks the 95% confidence
intervals (CI). Horizontal dashed lines mark the significance thresholds (see Methods).

The vertical magenta and green lines indicate the time of peripheral stimulation. magenta:
69 VF stimulus; green; 0.4g vF stimulus. The vertical blue line indicates the time of

paw withdrawal. The black arrow indicates the decoded pain onset. n=30 biologically
independent neurons in panel ¢, and n=30 neurons in panel d. e, The performance of
SSM-based decoder in detecting mechanical allodynia in SNI-treated rats. Detection rates
were calculated as a percentage of trials that had positive pain onset detection. n = 6 rats; p
=0.0008, two-sided paired Student’s t test. Data are presented as mean + s.e.m. of biological
replicates. f, Closed-loop BMI inhibited mechanical allodynia in the SNI model. n = 5 rats
with ChR2 injection, n = 4 control rats with YFP injection; p = 0.0004, two-sided unpaired
Student’s t test. Data are presented as mean + s.e.m. of biological replicates. g, Schematic of
the CPA assay in SNI-treated rats. Aversive response was triggered by an allodynia-inducing
mechanical stimulus (6g vF) applied in both chambers. One of the chambers was paired
with BMI, and the opposite chamber was paired with random PFC activation of matching
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duration and intensity. The orange solid line on the rat’s head denotes BMI decoding, while
the blue line denotes optogenetic stimulation. In the control chamber, the dashed blue line
indicates random optogenetic stimulation. h, In ChR2 rats, BMI treatment reduced aversion
associated with mechanical allodynia in the SNI model. n = 6 rats; p = 0.0313, two-sided
Wilcoxon signed-rank test. Data are presented as mean + s.e.m. of biological replicates. i,
YFP control rats demonstrated no preference for the BMI treatment. n = 4 rats; p = 0.6250,
two-sided Wilcoxon signed-rank test. Data are presented as mean = s.e.m. of biological
replicates. j, CPA scores for BMI treatment in SNI-treated rats. n = 6 rats with ChR2
injection, n = 4 control rats with YFP injection; p = 0.0381, two-sided Mann-Whitney U test.
Data are presented as mean + s.e.m. of biological replicates.
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Fig. 6 |. Closed-loop BMI control of spontaneous pain in the chronic inflammatory pain model.
a, Schematic of the CPA assay to test tonic or spontaneous pain in the CFA model. No

peripheral stimuli were given. One of the chambers was paired with BMI, and the opposite
chamber was paired with random PFC activation of matching duration and intensity. The
orange solid line on the rat’s head denotes BMI decoding, while the blue line denotes
optogenetic stimulation. In the control chamber, the dashed blue line indicates random
optogenetic stimulation. b, An example session of sequential pain onset detection based

on the SSM-based decoder in a CFA-treated rat. The top raster plots show online sorted
population spike counts (bin size =50 ms), with the darker color representing greater

spike counts. The unit of color bar is spikes/bin. The bottom magenta trace represents

the estimated Z-score from the univariate latent state, and the shaded area marks the 95%
confidence intervals (Cl). Horizontal dashed lines mark the significance thresholds (see
Methods). The black arrows indicate detected onset of tonic pain episodes. n=13 biologically
independent neurons. ¢, In ChR2 rats, CFA-treated rats prefer the BMI chamber. n = 6 rats;
p = 0.0313, two-sided Wilcoxon signed-rank test. Data are presented as mean + s.e.m. of
biological replicates. d, YFP control rats demonstrated no preference for the BMI treatment.
n = 6 rats; p = 0.8125, two-sided Wilcoxon signed-rank test. Data are presented as mean

+ s.e.m. of biological replicates. e, CPA scores for BMI treatment in reducing tonic pain

in CFA rats. n = 6 rats with ChR2 injection, n = 6 control rats with YFP injection; p =
0.0087, two-sided Mann-Whitney U test. Data are presented as mean + s.e.m. of biological
replicates.
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Fig. 7|. Closed-loop BM1 control of spontaneous pain in the chronic neuropathic pain model.
a, Schematic of the CPA assay to test tonic pain in the SNI model. No peripheral stimuli

were given. One of the chambers was paired with BMI, and the opposite chamber was
paired with random PFC activation. The orange solid line on the rat’s head denotes BMI
decoding, while the blue line denotes optogenetic stimulation. In the control chamber,

the dashed blue line indicates random optogenetic stimulation. b, An example session of
sequential pain onset detection based on the SSM-based decoder in a SNI-treated rat. The
top raster plots show online sorted population spike counts (bin size =50 ms), with the
darker color representing greater spike counts. The unit of color bar is spikes/bin. The
bottom magenta trace represents the estimated Z-score from the univariate latent state, and
the shaded area marks the 95% confidence intervals (Cl). Horizontal dashed lines mark the
significance thresholds (see Methods). The black arrows indicate detected onset of tonic
pain episodes. n=6 biologically independent neurons. ¢, In ChR2 rats, SNI-treated rats
preferred the BMI chamber after conditioning. n = 6 rats; p = 0.0313, two-sided Wilcoxon
signed-rank test. Data are presented as mean * s.e.m. of biological replicates. d, YFP control
rats demonstrated no preference for the BMI treatment. n = 4 rats; p = 0.8750, two-sided
Wilcoxon signed-rank test. Data are presented as mean + s.e.m. of biological replicates. e,
CPA scores for BMI treatment in reducing tonic pain in SNI rats . n = 6 rats with ChR2
injection, n = 4 rats with YFP injection; p = 0.0381, two-sided Mann-Whitney U test. Data
are presented as mean + s.e.m. of biological replicates.
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