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The perception of pain is a multidimensional sensory and emotional/affective expe-
rience arising from distributed brain activity. However, the involved brain regions
are not specific for pain. Thus, how the cortex distinguishes nociception from other
aversive and salient sensory stimuli remains elusive. Additionally, the resulting con-
sequences of chronic neuropathic pain on sensory processing have not been charac-
terized. Using in vivo miniscope calcium imaging with cellular resolution in freely
moving mice, we elucidated the principles of nociceptive and sensory coding in the
anterior cingulate cortex, a region essential for pain processing. We found that pop-
ulation activity, not single-cell responses, allowed discriminating noxious from other
sensory stimuli, ruling out the existence of nociception-specific neurons. Additionally,
single-cell stimulus selectivity was highly dynamic over time, but stimulus representa-
tion at the population level remained stable. Peripheral nerve injury-induced chronic
neuropathic pain led to dysfunctional encoding of sensory events by exacerbation of
responses to innocuous stimuli and impairment of pattern separation and stimulus
classification, which were restored by analgesic treatment. These findings provide a
novel interpretation for altered cortical sensory processing in chronic neuropathic
pain and give insights into the effects of systemic analgesic treatment in the cortex.

neuropathic pain | anterior cingulate cortex | in vivo calcium imaging |
sensory representation | nociception

The perception of pain is a complex phenomenon that requires activity in distributed
regions of the brain. However, it is still largely unclear how a noxious stimulus is processed
in cortical brain regions and which patterns of activity make nociception distinct from
other salient sensory events. Functional brain imaging in humans identified several brain
areas activated by noxious stimuli, which together represent the different aspects of the
pain experience (1). Nevertheless, the activity in the so-called pain matrix is not specific
for pain. The comprising brain regions are involved in multiple and diverse processes other
than pain and similar responses in the pain matrix can be elicited by salient but nonpainful
sensory stimuli (2, 3). Despite this, nociception and the resulting experience of pain must
be reliably encoded by specific activity patterns across and within regions of the pain matrix
(4). Such nociception-specific responses could stem from dedicated “pain” neurons together
with the activity of a broader multifaceted neuronal network. How exactly such neuronal
ensembles within each cortical area of the pain matrix code for nociception is largely
unknown, however important for a comprehensive understanding of the pain
experience.

The anterior cingulate cortex (ACC) is an essential brain area participating in the
affective and emotional connotation of pain. The human ACC is not only reliably activated
by noxious stimuli, but also the magnitude of the nociceptive response correlates with
stimulus intensity and discomfort (5-7). Furthermore, patients with lesions in the ACC
report altered emotional pain perception (8). In rodents, manipulations that reduce or
eliminate ACC activity show impaired affective behavior to noxious stimuli (9-12).
However, the neuronal mechanisms by which ACC neurons encode the aversive quality
of nociceptive sensory stimuli and distinguish them from other aversive, salient, or neutral
events have not yet been characterized. While in vivo acute and chronic electrophysiolog-
ical recordings in the ACC have identified neuronal responses to noxious stimuli (12-15),
their specificity for nociception over other sensory modalities remains unclear. Just as it
is currently unresolved whether nociceptive coding in the ACC is a matter of single neuron
representations or of coordinated neuronal ensembles.

Patients suffering from chronic pain show elevated stimulus-evoked activations in the
ACC associated with increased unpleasantness (1, 16-18). In rodents, we and others have
shown that the transition to chronic pain is characterized by changes in the ACC based
on neuronal plasticity (19-23). The overall nature of the reported changes points toward
an increased excitability, modified connectivity and altered activity within the neuronal
network. However, it is elusive how these plastic changes may affect sensory-coding capa-

bilities of the ACC in vivo.
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Significance

Our work elucidates fundamental
principles of nociceptive and
sensory coding in the anterior
cingulate cortex (ACC). Specifically,
1) Discrimination of nociceptive
from other sensory stimuli in the
ACC depends on population
coding. 2) Single-cell stimulus
representation is dynamic over
time. 3) There are no nociception-
specific neurons in the ACC. 4)
Nociception can be regarded as a
special case of sensory detection.
5) Chronification of pain leads to
an impairment of the decoding
accuracy of sensory information,
resulting in a misinterpretation of
innocuous stimuli as noxious. 6)
Analgesia induces a normalization
of neuronal network function in
the ACC. Therefore, our work
contributes to the understanding
of the complexity of cortical
nociceptive and sensory
processing and its alteration in
chronic neuropathic pain.
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In this study, we investigated the neuronal network dynamics
in the ACC in freely moving mice using fluorescent calcium imag-
ing, which allowed us to compare the neuronal activity evoked by
a number of different sensory stimuli, ranging from neutral over
aversive to nociceptive. The analysis of the activity patterns
revealed the coding capability of the ACC. Repeated imaging of
the same neurons in multiple sessions gave insight into the ques-
tion of stability of the sensory representation over time. In addi-
tion, we examined the changes of the activity patterns and sensory
representation in chronic neuropathic pain and how they could
be affected by the widely used analgesic drug gabapentin (GBP).
Overall, we found that nociceptive processing in the ACC
depended on population coding rather than on nociception-specific
neurons and that the sensory representation was highly dynamic
over time. Chronic neuropathic pain leads to a misclassification
of sensory stimuli, a loss of mutual information and a detrimental
rearrangement in the connectivity. Some of these network changes
were restored by GBP. Thus, these findings allow a novel interpre-
tation of chronic neuropathic pain and its analgesic treatment as
a network phenomenon.

Results

Stimulus Representation in the ACC of Freely Moving Mice.
We imaged ACC neuronal activity in vivo to understand how
nociception is encoded and distinguished from other sensory
stimuli. We took advantage of gradient-index (GRIN) lenses to
directly image from ventral ACC deep-layer pyramidal neurons (24)
using the genetically encoded calcium-indicator GCaMP6f under
the calcium/calmodulin-dependent protein kinase II (CaMKII)
promotor, that otherwise were not in range for conventional
cranial window imaging (25) (Fig. 1 A and B and see SI Appendix,
Fig. S1 for a detailed reconstruction of the imaging locations).
Freely moving animals carrying a miniaturized microendoscope
(miniscope) were presented with a battery of innocuous, aversive
and noxious stimuli while the neuronal population dynamics
were measured (Fig. 1 A and C and SI Appendix, Fig. S2 A and
B). Noxious cold, heat, pinprick (representing noxious stimuli),
air puff to the face (an aversive, but non-noxious stimulus) and
dynamic touch (salient as the others, but a neutral non-noxious
stimulus) elicited distinct patterns of activity and activated specific
neuronal ensembles. Characterizing the single-cell activity in
terms of stimulus encoding, we found that from a total of 698
neurons (69.8 + 4.47 neurons per animal), sensory stimuli elicited
significant calcium responses in ~48% of imaged ACC neurons,
with ~77% of responses being activations and 23% inhibitions
with an average response reliability for each stimulus of ~25%
(SI Appendix, Figs. S2C and S3 A-C). From all cells, 34% were
unimodal, i.e., responded to only one stimulus, while a set of
14% were multimodal neurons that may carry information about
common features across different stimuli. When compared to
simulated data, we observed a higher-than-expected proportion
of multimodal neurons and a lower-than-expected proportion
of unimodal neurons (Fig. 1D), demonstrating a nonrandom
architecture of the neural network of the ACC modulated by
sensory stimuli. Multimodal neurons showed mixed responses
of a varying degree to the sensory stimuli (Fig. 17). The biggest
class were supramodal cells that responded both to noxious and
non-noxious stimuli (9.6% of cells) and putative nociceptive cells
that responded exclusively to two or more noxious stimuli (4.1%;
Fig. 1 Eand F). Nevertheless, whereas the supramodal cells were
observed more often than expected by chance, the number of
neurons responding to noxious stimuli only was not different from
chance level (Fig. 1E), suggesting that there was no significant
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nociception-specific ensemble in the ACC that solely reacted
to a common feature of the nociceptive stimuli. Additionally,
noxious stimuli activated supramodal neurons to an equal degree
as compared to the spurious nociceptive ensemble (Fig. 1G).
Comparing the average evoked activity of the stimulus selective
neurons for different stimuli revealed a graded response depending
on stimulus strength. Noxious cold and pinprick applied to
the left hindpaw led to a stronger activation as compared to
touch (Fig. 1H). Altogether, this suggests that specific neuronal
ensembles in the ACC were efficiently activated by sensory stimuli,
a portion of which may encode generalized features of the stimulus
(i.e., concepts), which might help generating high-level sensory
percepts. Nevertheless, our results rule out the contribution of
a nociception-specific ensemble in the ACC, and suggest that
nociceptive encoding is achieved by the activity of a population
of neurons that encompasses stimulus-selective and supramodal
ensembles. Yet, the stimulus-selective neurons could form specific
ensembles that represent the different qualities of the nociceptive
stimuli (i.e., burning or stabbing).

Accordingly, we found that the population activity in the ACC
reliably and robustly discriminated between stimuli (Fig. 1 /and
K). Removing the unimodal cells from the decoding procedure gave
equally good decoding as removing the same number of random
cells (87 Appendix, Fig. S4). This efficient classification was partly a
result of an effective separation of stimulus responses within the
neuronal population (Fig. 17). Overall, these results provide evi-
dence for a robust representation of sensory stimuli by character-
istic activity patterns of the neuronal population in the ACC and
not depending on the activity of single cells.

Stability of Stimulus Representation Over Time. The encoding
of stimulus features in individual neurons is generally stable over
time in primary sensory cortices (25-30). However, stimulus
representation on the cellular level tends to continuously reconfigure
in associative areas, despite stable behavioral performance (30-32).
It is currently unclear how the temporal dynamics of nociceptive
representation in higher cortical areas evolve over time at the
cellular level (33). Resolving this question will help to understand if
sensory representation and particularly nociception and its quality-
specificity are achieved through hard-wired, stable and dedicated
neurons or by flexible and dynamic neuronal ensembles. We
therefore evaluated the neuronal representational changes over time
in up to three consecutive sessions separated by 7 d in naive freely
moving, awake animals (Fig. 24). Across sessions, the amplitude
and frequency of the spontaneous calcium events of individual
neurons were significantly correlated (SI Appendix, Fig. S5 A and
B). Moreover, the population average of the spontaneous calcium
event amplitudes and frequencies was conserved (SI Appendix,
Fig. S5B).

Evoked responses to the different stimuli were highly variable
from one session to another, showing considerable reconfiguration
of single-cell tuning (Fig. 2 A and C). We identified neurons that
gained responsiveness, neurons that lost responsiveness, neurons
that remained stable, and neurons that changed the sign of respon-
siveness from being activated to being inhibited or vice versa (swap
neurons) (Fig. 2D). Even though a large portion of neurons
changed their stimulus identity, the total number of neurons in a
stimulus ensemble remained constant, as there was an apparent
homeostatic balance of equal proportion of neurons gaining and
losing selectivity (Fig. 2 D and E and S/ Appendix, Fig. S5 Cand
D). Next, we assessed the stability of responsiveness (i.e., an intrin-
sic value that characterizes the degree at which a neuron is detected
as responsive) and reliability (i.e., the proportion of trials in which
a stimulus response was detected to be significant), two attributes
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Fig.1. Sensorystimulus representationinthe ACC. (A) Schematic
of the experimental paradigm. Freely moving mice carrying a
4 miniature microscope (miniscope) and expressing the calcium
indicator GCaMP6f under the CamKIl promoter (SSAAV1/2.
mCaMKIla.GCaMP6f.WPRE.SV40(A); mCaMKilla-1288) in the ACC
were presented with a battery of noxious (dry ice cold, pinprick,
heat), aversive (air puff) and innocuous (dynamic brush touch)
stimuli. (B, Top) schematic of GCaMP6f expression (Left) and
histological brain slice illustrating GRIN lens placement in the ACC
(Right); (scale bars, 1 mm.) (Bottom) map of active neurons derived
from raw miniscope images (Left) and mean correlation of active
ACC neurons (Right); (scale bars, 100 pym.) (C) Heatmap showing
mean activity over time (z-scored AF/F) for the presented stimuli
1o across all trials from a single session corresponding to the FOV
shown in B. Neurons were aligned to their maximal response
evoked by cold. Individual neuron identities are consistent across
stimuli. (D) Percentage of unimodal (responding to only one
stimulus), multimodal (responding to two or more stimuli) and
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which carry information about the quality of the stimulus rep-
resentation. We compared the magnitude of gained vs. lost respon-
siveness and reliability across sessions. For all the evaluated stimuli,
neither of the two parameters changed (SI Appendix, Fig. S5D).
Thus, sensory stimulus representation at the population level
remained stable in quantity (proportion) and quality (responsive-
ness and reliability). In this way, the brain can achieve stability
with a high degree of flexibility (31).

We next examined the temporal stability of neuronal ensembles
between two consecutive sessions. First, we observed that the
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to the different sensory stimuli and the definition of nociceptive
and supramodal ensembles. (G) Noxious stimulus-evoked
average neuronal activity within the supramodal and the
spurious nociceptive ensemble. (Left) stimulus-evoked mean
Ca?* transients. Mean, solid line; shaded area, + SEM. (Bottom)
quantification of stimulus-evoked responses (AUC). ns P> 0.05,
unpaired t test. Supramodal, n = 6,386 trials, 2,108 neurons;
nociceptive, n = 2,703 trials, 903 neurons. (Scale bars, 0.05 AF/F,
55.)(H) Stimulus-evoked average neuronal activity within stimulus
selective ensembles (i.e., neurons with significant responses to

oé\ the stimulus). (Left) stimulus-evoked mean Ca®" transients for

the responsive ensembles and the corresponding signals in
the nonresponding cells as reference. Mean, solid line; shaded
area, = SEM. (Right) quantification of stimulus-evoked responses
(AUC). One-way ANOVA, F(2, 10,264) = 12.3. Post hoc Bonferroni
correction, *P < 0.05, ***P < 0.001, ns P> 0.05. Cold, n = 3,567,
pinprick, n=3,284; touch, n =3,416 trials. (/) Stimulus classification
= of a multiclass linear discriminant classifier that distinguishes
the population activity pattern for noxious cold, heat, pinprick,
puff, and touch. The values on-diagonal (actual stimulus) were
compared to all off-diagonals (incorrect stimuli) and normalized
to 100%. Yellow stars indicate correct classification (P < 0.05) of
the actual stimulus over off-diagonal stimuli within the same row
(Wilcoxon signed-rank). (/) Same as (/) but labels were shuffled. (K)
Quantification of stimulus classification by Matthew’s correlation
coefficient. Significant correct classification for observed data
against random labels. ****p < 0.0001. Paired t test, n = 38
sessions, 10 animals. (L) Clustering of neurons (dots) based
on the post-stimulus response classification based on logistic
regression analysis using UMAP. (Left) comparison between
pinprick and cold. (Middle) comparison between touch and cold.
(Right) comparison between pinprick and touch. After k-means
clustering, Euclidean distances between centroids are depicted.
Data is pooled across 30 naive sessions for 10 animals.
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proportion of supramodal neurons remained constant over time
(Fig. 2 Fand G). Moreover, the stimulus-evoked activity within this
supramodal ensemble was also stable (S/Appendix, Fig. SSE).
Additionally, we found a representation above chance levels for the
supramodal ensemble that was stable over time, while the spurious
nociceptive neurons remained at chance level (Fig. 2H). We further
found a significant proportion of neurons (1.7%) that kept their
corresponding supramodality over time (Fig. 2/). Thus, our data
identified a subset of ACC neurons showing perdurable specificity
for sensory representation, but not for nociception. This, together
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Fig. 2. Temporal stability of stimulus representation in the ACC. (A) Correlation maps of active neurons derived from mean correlation of pixels across 3
consecutive sessions. Note the high similarity of the three FOVs. (Scale bar, 100 pm.) (Bottom) fluorescent traces (z-scored) illustrating the stimulus-evoked
activity from three neurons (red, blue and orange) to cold, pinprick and touch in three consecutive sessions. Arrows indicate the time of stimulus presentation.
(B) Heatmap depicting the mean Ca*" activity (z-scored AF/F) over time for noxious cold across three consecutive sessions, separated by 7 d, sorted to the neuron
with the highest stimulus-evoked activity in session one. (C) Alluvial plot illustrating the change in neuronal responsiveness over sessions for cold, pinprick and
touch from one example animal. “None” indicates a population of neurons that was classified as nonresponsive to either stimulus. Each individual line represents
asingle neuron tracked over time. (+) indicates positively modulated neurons and (-) denotes negatively modulated neurons by the respective stimulus. Neurons
were ordered and color-coded according to their stimulus selectivity in the second session. (D) Pie charts depicting the proportion of neurons that either gained,
lost, reversed responses (swap; from inhibited to activated, or vice versa), or remained stable across sessions for cold, heat and touch (mean percent + SEM).
(E) Quantification of proportion of selective cells across sessions for cold, pinprick and touch. The lack of significant differences points towards stability of the
sensory representation by selective neurons over time. One-way repeated measures ANOVA [cold: F(1.938, 17.45) = 0.43, pinprick: F(1.429, 12.86) = 0.9610, touch:
F (1.666, 15.00) = 0.3280] Tukey correction, “ns”, P > 0.05. (F) Percentage of neurons in the supramodal ensemble across sessions. One-way repeated measures
ANOVA, F(1.770, 15.93) = 0.7829, Tukey correction, ns, P > 0.05. (G) Illustration of the evolution of the supramodal ensemble over time from pooled data of all
animals and sessions (n = 2,094 neurons). (H) Percentage of neurons belonging to the spurious nociceptive or supramodal ensemble in two successive sessions
(n and n+1). Gray lines (mean + SD) represent the chance distribution and circles are the experimentally observed values. ***P < 0.001, **P < 0.01, *P < 0.05
from chance based on z-scores. (/) Percentage of neurons that maintain ensemble-specificity in two successive sessions. Gray lines (mean + SD) represent the
chance distribution and circles are the experimentally observed values. ***P < 0.001 based on Z scores.

with the stable population encoding capabilities, may provide the
ACC with the ability to keep sensory encoding constant in the pres-
ence of continuous change of single-neuron representation (31, 34).

Network Changes after the Transition to Neuropathic Pain.
ACC neuronal circuits undergo substantial synaptic and intrinsic
modifications during the development of neuropathic pain (19-22),
which are believed to play a central role in its symptomatology.
However, the consequences of the described cellular changes on the
circuit dynamics are still elusive. Therefore, we investigated how
sensory representation and its neuronal dynamics were affected
in neuropathic pain using the spared nerve injury (SNI) model
in animals implanted with GRIN lenses (Fig. 34). In neuropathic
animals, we observed an increase in mechanical sensitivity (Fig. 3B)
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and a significant increase in the proportion of affective/motivational
behavioral responses to sensory stimuli that were nearly absent in
naive and sham mice (Fig. 3C and ST Appendix, Fig. S6 A and B).
The stimulus-evoked neuronal activity patterns recorded in the
ACC allowed efficient decoding of the corresponding behavior
of the animals (Fig. 3D). This could partially be explained by a
differentially evoked activity observed in the stimulus-selective
ensemble (SI Appendix, Fig. S6 C and D). These results suggest
that the ACC is contributing to the transformation of sensory
stimuli into an adequate behavioral response in the chronic pain
condition.

Nerve injury resulted in increased spontaneous neuronal activ-
ity in the ACC (Fig. 3 E'and F). When looking at distinct neuronal

ensembles, we observed that neurons belonging to the supramodal
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Fig. 3. Neuropathic pain impairs sensory coding in the ACC. (A) Schematic of the experimental procedure to evaluate neuronal changes after the induction of
neuropathic pain by SNI. (B) Mechanical sensitization evaluated by the electronic Von Frey test. Animals were subjected to either sham (n =5, blue circles) or SNI (n =5,
red circles) surgery of the left hind paw. Von Frey tests were performed 1 d before and +7 and +14 d after surgery. Two-way repeated measures ANOVA, interaction
time x surgery: F(6, 36) = 17.27, Bonferroni post hoc test, **P < 0.01, after surgery vs. before surgery. Dashed line indicates average mechanical threshold for paw
withdrawal before surgery. (C) Percentage of trials, in which animals showed stimulus-evoked affective/motivational responses to cold, touch, and pinprick (14 sessions
each), *P <0.05, unpaired t test. (D) Linear discriminant classification of neuronal activity patterns correlated to two categories of behavior in neuropathic animals. The
first behavior were affective/motivational, temporally delayed responses, in which the animal engaged into directed licking and biting of the paw, paw extended lift
or guarding, and/or escape responses characterized by hyperlocomotion, rearing, or jumping away from the noxious or non-noxious stimulus (“Affect”). The second
behavior (“Other”) was a stimulus-dependent, attentional shift, in which the mice responded by shifting the attention to the stimulus without expressing affective/
motivational behaviors. No behavior (“No”) refers to trials in which the animals did not show any complex behavior. (Left) Top, observed classification values; Bottom,
shuffled labels. (Right) accuracy of decoding expressed as MCC (n = 10 sessions), paired ¢ test, ****P <0,0001. (E) Example recordings of Ca*" transients, depicting the
increase of activity in the resting state (spontaneous) neuronal activity in the SNI group. (Scale bars, AF/F 0.01, 60 s.) (F) Quantification of the integral of Ca*" transients
during 10 min recordings of spontaneous activity. *P < 0.05, unpaired t test. Sham, n = 728; SNI, n = 539 neurons. (G) Graph-theoretic functional connectivity analysis
of spontaneous neuronal calcium activity in the ACC. Representative graph plots depicting the neuronal network from a sham and a SNI animal. Circle size indicates
level of betweenness centrality (Inset). Colors indicate levels of degree centrality. (H) Bar plot of normalized betweenness centrality of undirected graph analysis from
the adjacency matrix of cross-correlated activity. Data was pooled across animals and sessions ****P <0.0001, unpaired t test. Sham, n = 1,173; SNI, n = 846 neurons.
() Venn diagram of proportions of neurons responding to the different sensory stimuli for sham and SNI animals. (J, Left) proportion of supramodal neurons in
sham and SNI animals. NS, P> 0.05, unpaired t test. (Right) proportion of nociceptive neurons in sham and NP. NS P> 0.05, unpaired t test. Sham, n = 9 sessions; NP,
n =9 sessions. (K) Bar graph of entropy values, measured as Shannon'’s Entropy bits, in sham and SNI conditions during resting state activity. ****P < 0.0001, unpaired
t test. Sham, n = 390; SNI, n = 307 neurons. (L) Touch elicits increased activity within the supramodal ensemble, but not within the selective ensemble. Stimulus-
evoked mean Ca?* transients for touch in neurons within the supramodal (Left) and the touch-selective (Right) ensemble. Mean, solid line; shaded area, + SEM. (M)
Average touch-evoked activity (mean + SEM), **P < 0.01, unpaired t test. Sham, n = 509; SNI, n = 460 neurons within the supramodal ensemble (Left). NS, P > 0.05,
unpaired t test. Sham, n = 315; SNI, n = 399 neurons within the selective ensemble (Right). (N) Confusion matrix of a multiclass linear discriminant classifier using
the neuronal activities for all stimuli presented in sham (Left) and SNI (Right) animals. All on-diagonal values were significantly different from the off-diagonal stimuli
within the same row (P < 0.05). (O, Left) bar graph of classification decoding accuracy for data in N. **P < 0.01, unpaired t test. Sham, n = 14; SNI = 11 sessions. (Right)
bar graph of misclassification cost of mistaking touch as painful. *P < 0.05 unpaired t test sham, n = 50; SNI = 34 combinations. Data are presented as mean + SEM.

and spurious nociceptive ensemble showed increased spontaneous
activity, while nonresponding cells showed no difference (57 Appendix,
Fig. S7). Moreover, we analyzed the resting-state functional neuronal

connectivity at the population level using undirected graph theoretical
analysis. In this way, the relational interplay between neurons can be
characterized by two main variables: i) betweenness centrality, a
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measure of the weighted number of shortest paths that pass
through a given node (i.e., neuron), providing a measure of the
relevance of that neuron in the passage of information throughout
the overall neuronal network, and ii) degree centrality, a measure
of the number of edges attached to a given node, indicating its
connectivity level within the network. We found that while degree
centrality was unaltered, betweenness centrality was significantly
higher in the neuropathic pain condition (Fig. 3 G and H and
SI Appendix, Fig. S8). This might suggest that neuropathic pain
increased signal transfer between neurons in the ACC, contribut-
ing to the altered spontaneous activity. Besides, we found that the
information, derived from Shannon’s entropy, which is a measure
of the structure of the neuronal activity patterns, was decreased
in neuropathic pain, suggesting a degradation of information pro-
cessing (Fig. 3K).

In terms of evoked responses, the turnover rate of sensory stim-
ulus representation (i.e., stability) together with the selectivity and
responsiveness was also highly dynamic and maintained in the
neuropathic pain condition (S Appendix, Fig. S9). The change in
stimulus representation of a cell from one session to the other was
not reflected in a change in its spontaneous activity. Additionally,
the number of neurons modulated by sensory stimuli and the
proportion of supramodal neurons remained unchanged, while the
size of the spurious nociceptive ensemble continued to remain at
chance level (Fig. 3 7and Jand S/ Appendix, Fig. S3F). However, in
neuropathic pain animals, the touch-evoked activity of supramodal
neurons was significantly higher but not in touch-selective cells
(Fig. 3 L and M). Overall, the supramodal ensemble was more excit-
able in SNI as compared to sham, showing higher average activation
to noxious and non-noxious stimuli (S/ Appendix, Fig. S10).
Altogether, these findings posit that these multifaceted cells might
be candidates to represent nociceptive hypersensitivity in the ACC.

Our results so far suggest that the overall alterations in neuro-
pathic pain affected excitability, network structure, and ensemble
responses, which could have an impact on the population stimulus
encoding in the ACC. These alterations could manifest themselves
in an increased similarity of intrinsic stimulus-evoked activity pat-
terns between noxious and non-noxious stimuli. Accordingly, in
neuropathic pain the neuronal population activity patterns of
innocuous stimuli became more equal to those of the noxious rep-
resentation (SI Appendix, Fig. S114). Furthermore, the similarity
measured as mutual information within the supramodal neuronal
ensemble responding to touch and noxious stimuli was higher in
SNI as compared to sham (87 Appendix, Fig. S11 Band C). To test
whether the increased similarity contributed to an error in stimulus
classification, we assessed the correct decoding of individual stimuli
in neuropathic and sham animals. Whereas all stimuli were properly
discriminated in sham, there was a decrease in decoding accuracy
and an increase in false classification (i.e., misclassification cost) of
innocuous as noxious stimuli in neuropathic pain animals (Fig. 3
Nand O).

Altogether, our data demonstrated profound changes in sensory
encoding and inherent features of the ACC neuronal population
in neuropathic pain due to defective neuronal activity and connec-
tivity at the network level, which lead to an abnormal representa-
tion of nociceptive attributes. This accumulated in an aberrant
encoding of the ACC nociceptive sensory space, contributing to a
“blurred” sensory representation during neuropathic pain (35).

Analgesic Treatment Restores Sensory Coding. If neuropathic
pain manifests itself as a faulty pattern separation by ACC neuronal
ensembles, pain relief might restore the ability of these networks to
discriminate between sensory inputs. We tested the plausibility of
this assumption with GBPE, which is a clinically relevant analgesic
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and represents the first line of defense to treat neuropathic
pain symptoms (35). A single subcutaneous injection of GBP
(s.c., 25 mg/kg) caused a long-lasting antihyperalgesic effect in
neuropathic animals without apparent side effects (Fig. 4 Aand C
and SI Appendix, Fig. S12). Furthermore, GBP treatment reduced
the manifestation of affective/motivational behavioral responses to
nociceptive sensory stimuli (Fig. 4D and S/ Appendix, Fig. S14B).
Subsequently, we tested the stimulus representation in sham and
neuropathic pain animals in the analgesic state. Contrary to what
we expected, GBP increased the spontaneous activity of ACC
neurons in both conditions and it did not restore the stimulus-
evoked responses of supramodal neurons in SNI animals resulting
in a lack of correlation between neuronal activity and the affective
behavioral outcome (87 Appendix, Fig. S13), indicating that the
analgesic turned the ACC network into an altered functional
state that was different from both the naive and neuropathic pain
condition.

Despite this, GBP restored decoding accuracy and decreased
the failure rate of stimulus classification (Fig. 4 £ and F and
SI Appendix, Fig. S144). In line with this, the differences in the
stimulus-evoked neuronal activity patterns of innocuous stimuli to
those of the noxious representation were also recovered (Fig. 4G and
SI Appendix, Fig. S11A4) as well as the maladapted network archi-
tecture as measured by the betweenness centrality (Fig. 4H). There
was no significant correlation between the decoding performance
of sensory stimuli and the manifestation of affective behaviors
triggered by a tactile stimulus (S7 Appendix, Fig. S14C) in SNI
mice before and after treatment with GBD, suggesting that noci-
ceptive stimulus representation and its behavioral outcome may
be mediated by different neuronal populations. Our results there-
fore show that, although altered single-cell activity persisted, the
abnormal encoding of stimuli in the ACC in neuropathic pain is
partly recovered by analgesics, thus sharpening the sensory rep-
resentation. This provides important new insights into the mode
of action of drugs targeting neuropathic pain.

Discussion

Our longitudinal study of neuronal network dynamics revealed
several novel key principles of nociceptive coding in the ACC, a
brain region that is associated with processing of the emotional/
affective component of pain (5-7). Overall, population coding is
required for the selective representation of noxious, non-noxious
aversive and neutral stimuli in the ACC. Furthermore, it allowed
to predict the affective/motivational behaviors in freely moving
neuropathic animals. Thus, the ACC is well informed about periph-
eral sensory stimulation in terms of modality and quality contrib-
uting to the appropriate behavioral response (6, 7). So far it was
elusive whether selective patterns of activity in the ACC could
distinguish noxious from other sensory stimuli with similar valence
(3, 36, 37). We now revealed that the nociceptive experience and
also its quality (e.g., burning for noxious heat and stabbing for
pinprick) can be achieved by a combination of stimulus-selective
neurons and supramodal neurons. This ensemble then can code for
higher-order, generalized and abstract features or concepts of the
nociceptive experience. So the corresponding experience of pain is
based on a population code, but not on nocicption-specific neurons
(2, 35, 36). Thus, we provide a cellular and network explanation
for the long-standing idea based on human studies indicating that
pain can be seen as a response to suprathreshold salient stimuli
which evoke an arousal response and an attentional shift towards
the stimulus (38). It remains to be shown how this neural rep-
resentation of nociception is connected to the perceptual discrim-
ination of sensory stimuli.
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Fig. 4. Gabapentin restores stimulus representation in the ACC of neuropathic pain animals. (A) Sketch depicting the experimental condition. (B) Time course
of the mechanical paw withdrawal threshold after a single injection of gabapentin (GBP, s.c., 25 mg/kg) in sham (n = 4, light blue) and SNI (n = 4, orange) animals.
Dashed black line indicates average presurgery paw withdrawal threshold. (C) Maximum possible effects (MPE) of GBP on the paw withdrawal threshold
determined for the time interval between 60 to 180 min after drug injection. ANOVA followed by Bonferroni post-hoc test, F(3,26) = 15.43; ****P <0.0001, n =4
mice. (D) MPE of GBP on the reduction of stimulus-evoked affective behaviors. n = 6 per group, **P < 0.01, Mann-Whitney U test. (E) Confusion matrices from a
multiclass linear discriminant classifier, decoding stimulus identities of cold, heat, pinprick, puff and touch from the corresponding activity patterns in sham+GBP
and SNI+GBP. All on-diagonal values were significantly different from the off-diagonal stimuli within the same row (P < 0.05). (F) Bar graph of net effect of GBP
(z-scored relative to pre-GBP) on classification decoding accuracy (Left) or misclassification cost of touch as being noxious (Right). (Left) n = 6 per group; (Right)
n =50 per sham and n = 34 per SNI. NS, P> 0.05, *P < 0.05, ****P < 0.0001, Wilcoxon Signed Rank Test against 0. (G) Clustering of neurons (dots) based on the
poststimulus response using UMAP for Sham+GBP and SNI+GBP. Note that the decreased distance between noxious cold and touch in SNI is reversed by GBP.
Colors correspond to the favorable responsiveness of each neuron. (H) Graph-theoretic functional connectivity analysis of spontaneous neuronal Ca*" activity
in the ACC. (Left) quantification of betweenness for Sham+GBP against SNI+GBP. NS P > 0.05, unpaired t test. (Right) Net effect of GBP relative to pre-GBP state

(z-score). NS, P> 0.05; ****p < 0.0001, Wilcoxon Signed Rank Test against 0. Sham+GBP, n = 310; SNI+GBP = 417 neurons.

The dynamic reconfiguration of the stimulus responsiveness
and supramodality that we observed across sessions furthermore
emphasize the lack of the existence of hard-wired stimulus-selective
neurons. This may differ from neurons in the amygdala that keep
responding to noxious stimuli over several weeks (39). Nevertheless,
stable stimulus representation in the ACC at the population level
is achieved by homeostatic principles that maintain the proportion
of neurons responding, their responsiveness and reliability. In this
way, the brain can achieve stability with a high degree of flexibility
(31, 32). Since the ACC is not specific for pain (3), its function
in nociception can be considered as a particular case of signaling
the saliency value or uncertainty of an event to solve problems,
recognize errors, control emotions and adapt responses according
to ever-changing conditions (40, 41).

The development of chronic pain is associated with multiple cellular
plasticity mechanisms within the pain processing system (42-45).
On the level of the ACC, changes in neuronal excitability, synaptic
plasticity, and alterations in the connectivity pattern have been
described that might explain the phenotype (19, 21, 46). Nevertheless,
it was not clear how such cellular changes would influence neuronal
activity and coding capabilities on the circuit and ensemble level.
Our data indicate that neuropathic pain results in increased

PNAS 2023 Vol.120 No.23 2212394120

spontaneous activity and stimulus-evoked responses in a supramodal
ensemble that represents the intersect between innocuous and nox-
ious stimuli. Furthermore, neuropathic pain was also associated with
abnormal network connectivity, increased similarity of stimuli in the
response activity space of noxious and innocuous representations
resulting in a degradation of the decoding efficiency, and a misclas-
sification of sensory stimuli. It is tempting to argue that the abnormal
reactivity of supramodal neurons encodes the allodynic and emo-
tional/affective component in the chronic pain condition (39). This
would be consistent with the prevalent view that activity in the ACC
is correlated to pain threshold (18). However, the fact that systemic
administration of the analgesic GBP reversed sensory and affective
consequences of neuropathic pain without restoring the spontaneous
and stimulus-evoked activity of supramodal neurons challenges this
interpretation and suggests that the common notion of hyperexcit-
ability of neurons as a biomarker of chronic pain might not be pre-
dictive in all cases.

In this regard, it is important to consider the multiple cellular
actions of gabapentinoids, which are thought to result in a reduction
of neuronal excitability and transmitter release. Nevertheless, the
overall effect on cortical neuronal circuits is still elusive. The network
action observed in our study seem paradoxical as increased activity
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in the ACC is considered as a hallmark of the chronic pain condition
(19-23). It is therefore generally assumed that analgesics exert their
effect by reducing neuronal activity, which has been suggested to be
the mode of action of GBP in the spinal cord, periaqueductal grey
and thalamus (42—44). The paradoxical increased excitability of the
ACC, on the other hand, could not only activate descending mod-
ulatory pathways but also generate a rewarding signal that target
mainly the affective/emotional component of pain (45, 46). Thus,
this increased network activity could present a novel functional net-
work state that promotes a decrease in uncertainty of stimulus iden-
tity (confusing a non-noxious stimulus as being noxious), which is
transmitted to other cortical and subcortical areas of the pain matrix
and in this way contributes to alleviate the painful sensation.
Accordingly, GBP partially reversed the aberrant network architec-
ture and sensory misclassification by the neuronal ensembles, imply-
ing that the disruption of sensory coding in the ACC is one of the
mechanisms contributing to the chronic pain state. Therefore, it
seems that GBP restores sensory accuracy through a modulation of
the disturbed activity patterns. This was evident by the increase in
distance in activity space, i.e. the activity patterns became more sep-
arated, improving classification performance. Our data revealed an
inverse U-shaped relation between the affective pain behavior and
the stimulus-evoked activity to touch, suggesting an optimal activity
level in the chronic pain state to trigger affective behaviors, presum-
ably due to the evoked unpleasantness. Increasing or decreasing the
activity from this point alleviates the affective/emotional aspect of
pain. This suggests that a cortical neuronal network in the pain
matrix is designed to make a transition to an altered state after injury
to optimally respond to pain.

Nevertheless, it remains to be shown in which way these overall
changes are instrumental to the manifestation of the pathological
affective pain state. The lack of correlation between the decoding
performance of the stimulus-evoked activity and the affective behav-
ioral responses in the different conditions, but the capacity to decode
the behavior from the overall activity of the neuronal network in the
ACC support the idea that different neuronal populations might
mediate the nociceptive representation vs. its behavioral outcome
(47). This transformation from input to output has yet to be deter-
mined. Nevertheless, the described changes are consistent with the
concept of “sensory blurring” by chronic pain and “sensory sharp-
ening” leading to analgesia that was observed in the somatosensory
cortex of chronic pain patients (34). Thus, the hallmark of chronic
pain at the neuronal network level is an aberrant network structure,
exacerbation of responses to innocuous stimuli and an impairment
of pattern separation and classification, providing a novel view on
altered pain processing in the brain.

Summary of Materials and Methods

Animals. All experiments were conducted in accordance with the
rules of the veterinary office of the canton of Bern, Switzerland.
Male C57/BL6 mice (Central Animal Facility of the University of
Bern or Janvier Labs, France) were housed in groups of 4 to 5 per
cage and maintained on a 12-h light/dark cycle in a temperature-
controlled environment with ad libitum access to food and water.

Surgeries. Adeno-associated viral particles carrying the genetically
encoded calcium indicator GCaMP6f (ssAAV1/2.mCaMKIla.
GCaMP6£.WPRE.SV40(A); mCaMKIla promotor-1288; titer:
6.2 x 10E12 vg/ml before dilution) were injected in the ACC
(coordinates in mm: 0.75 AP, 0.4 ML, and -1.75 DV from
Bregma). Seven to fourteen days after virus injection, GRIN lenses
were implanted at coordinates: 0.75 AP, 0.4 ML, and -1.5 DV
from Bregma. For the evaluation of neuropathic pain, the SNI
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model was used, where the sural nerve branch was left intact,
while the peroneal and tibial nerve branches of the left sciatic
nerve were ligated and cut.

Calcium Imaging Analysis. Two to three weeks after GRIN lens
implantation, a baseplate for a miniaturized microendoscope
(miniscope) was mounted. A total of six consecutive sessions, 1 wk
apart, were recorded. Image registration was done with Turboreg
(miniscope) in the MATLAB environment. After performing
field-of-view (FOV) alignment with a custom-made graphical
user interface (GUI), regions of interest were manually identified
and segmented. Fluorescent calcium traces were extracted and
normalized (as AF/F() using a running-window average and
calcium event-related spikes were inferred using the OASIS
toolbox in MATLAB.

Spontaneous neuronal activity (resting-state activity) was meas-
ured when animals were undisturbed for 10 min before each stim-
ulation session. The activity of each neuron was estimated by

calculating the area under the curve (AUC) of the AF/F trace.

Stimulus-Evoked Responses. Animals were subjected to five
stimuli, namely noxious cold, noxious heat, noxious pinprick,
facial aversive air puff, and innocuous dynamic pain brush. Cold,
pinprick and touch were applied to the plantar surface of the
left hind paw (ipsilateral to the operated leg, contralateral to the
imaged ACC region). Heat was applied to the proximal portion of
the mouse’s tail. Air puff was applied to either side of the animal’s
face. Each stimulus was presented at least 15 times, in blocks of
three stimulations in a pseudo-random manner.

In order to determine stimulus-responsive neurons, we used a
logistic regression classifier. We binned the inferred spikes and eval-
uated significant activations by comparing the trial-by-trial neuronal
activity to a bootstrapped distribution. Responsiveness was evaluated
based on the value of the Precision/Recall curve given by the classifier.
Reliability was described as the number of significant trials over the
total number of trials per session for a given stimulus.

Stimulus-evoked responses were evaluated by calculating the
integral value (AUC) of the poststimulus evoked AF/F trace. Data
was pooled across trials and animals.

Stimulus-Response Ensemble Categorization. All neurons were
classified according to its significant response to the set of stimuli
tested. Multimodal neurons were classified by being responsive to
two or more stimuli. Within the multimodal ensemble, supramodal
neurons were identified as neurons responding to a noxious stimulus
and a non-noxious stimulus. The nociceptive ensemble was
categorized as responding exclusively to two or more noxious stimuli,
with no significant modulation by any non-noxious stimulus. The
proportions obtained for each category were compared to a chance
distribution obtained by 1,000 simulated response matrices by
shuffling the identity of the responsive and nonresponsive cells
keeping constant the proportion of responsive neurons.

Stimulus Decoding. We conducted multiclass linear discriminant
classification to decode stimulus representation, using the inferred
spikes per session and per animal. Data were then pooled to
conduct statistics. We evaluated the accuracy of the decoder as
well as the Matthew’s correlation coefficient (MCC).

Behavior Decoding. We assessed the correct classification in
neuropathic pain animals of two groups of behavioral outcomes
(namely, affective-motivational behaviors and nonaffective but
stimulus-oriented behaviors) together with no behavioral outcome
based on population neuronal activity derived from the inferred
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spikes, using a linear discriminant classifier. Behavioral labels were
shuffled to calculate chance levels of decoding.

Clustering. Neurons responding to a pair of stimuli were pooled
across animals and sessions. We then used the Uniform Manifold
Approximation and Projection (UMAP) algorithm to reduce
dimensions in the responsiveness of neurons. Centroids were
obtained by k-mean clustering. The distance of each centroid in
the UMAP space was measured.

Shannon'’s Entropy. Using bins of inferred spikes during resting-state
spontaneous activity, we calculated the Shannon’s entropy index by
the bias-corrected Nemenman—Shaffe-Bialek estimation method.

Graph Theory. The inferred neuronal activity data acquired
during resting-state spontaneous activity was used to evaluate
the undirected graph by first computing the cross-correlation
of neuronal activity. The adjacency matrix from the significant
correlations using Monte Carlo simulations was calculated, and the
normalized betweenness centrality, normalized degree centrality
and normalized closeness centrality were evaluated per session, per
animal. Additionally, the global network density was evaluated.

Effects of GBP (s.c., 25 mg/kg) on Neuronal Activity. In a
different cohort of animals, 3 to 4 wk after SNI/sham surgery the
maximumpossible effect, as well as GBP-related side effects, were
evaluated. Once the optimal analgesic window was established
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