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e Mice with neuropathy and inflammatory pain favor cold
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e BLA-ACC circuit is necessary and sufficient for conflicting
cold avoidance

e LFS of BLA-ACC projection restores AMPAR function and
reduces avoidance
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In brief

Valentinova et al. describe that chronic
pain mice display cold avoidance in
approach-avoidance conflict. The pain
state triggers AMPAR-mediated
potentiation at amygdala-cingulate
synapses (BLA-ACC). This circuit is
required for pain-associated cold

avoidance and is sufficient to induce cold

avoidance in pain-free animals. Finally,
low-frequency stimulation of BLA-ACC
restores AMPAR function and reduces
avoidance.
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SUMMARY

Chronic pain is acomplex experience with multifaceted behavioral manifestations, often leading to pain avoid-
ance at the expense of reward approach. How pain facilitates avoidance in situations with mixed outcomes is
unknown. The anterior cingulate cortex (ACC) plays a key role in pain processing and in value-based decision-
making. Distinct ACC inputs inform about the sensory and emotional quality of pain. However, whether spe-
cific ACC circuits underlie pathological conflict assessment in pain remains underexplored. Here, we demon-
strate that mice with chronic pain favor cold avoidance rather than reward approach in a conflicting task. This
occurs along with selective strengthening of basolateral amygdala inputs onto ACC layer 2/3 pyramidal neu-
rons. The amygdala-cingulate projection is necessary and sufficient for the conflicting cold avoidance.
Further, low-frequency stimulation of this pathway restores AMPA receptor function and reduces avoidance
in pain mice. Our findings provide insights into the circuits and mechanisms underlying cognitive aspects of

pain and offer potential targets for treatment.

INTRODUCTION

Pain is a subjective sensory and emotional experience with both
adaptive and pathological dimensions. When acute pain be-
comes chronic, it involves long-lasting brain network remodel-
ing." In the long run, this leads to dysfunctional behaviors, such
as the inability to cope with stress, diminished cognitive and
attentional abilities, and often depression, altogether contrib-
uting to the inherent pain unpleasantness and emotional
burden.” The development of chronic pain is intrinsically bound
to negative emotional states that result from the experience itself
but also lead to a self-perpetuating cycle of suffering.® Indeed,
pain catastrophizing is a characteristic tendency of individuals
with chronic pain conditions to cognitively amplify the experi-
ence of actual and anticipated pain, which can transform into
pain-related fears and anxiety."® These maladaptive states
result in excessive avoidance behaviors, often at the expense
of reward seeking, a behavioral framework known as the fear-
avoidance model.® Particularly, in conflicting situations where
valued life activities require effort (e.g., exercising despite the
pain), favoring avoidance over approach often exacerbates the
pain experience and dramatically impacts recovery.*® Indeed,
catastrophizing predicts the severity of the experienced pain as
well as poor response to pain management.'®~'? Therefore an in-
depth understanding of the brain mechanisms leading to such
maladaptive responses is urgently needed.

Accumulating evidence suggests that the anterior cingulate
cortex (ACC) is critically involved in the affective component of
pain.’® Indeed, the ACC is activated by nociceptive stimuli,
shows aberrant activity in patients and animal models of chronic
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pain,*"'® and is associated with pain unpleasantness.'® Further-

more, specific ACC activity patterns predict the onset of pain
avoidance.?° Additionally, the ACC plays a pivotal role in assess-
ing mixed outcomes when appetitive and aversive stimuli are
present together and guides goal-directed behaviors.”' Indeed,
as an associative area, the ACC orchestrates adaptive re-
sponses such as value-based action selection and decision-
making.?*?® Altogether, this makes the ACC a hub for process-
ing the emotional, sensory, and cognitive aspects of pain and
suggests that maladaptive mechanisms taking place within the
ACC may underlie aspects of pain behaviors. The ACC receives
inputs from different sensory, limbic, and cortical brain regions,
distinctly contributing to pain behaviors. Indeed, inputs from
the mediodorsal thalamus and the somatosensory cortex have
been shown to exacerbate pain-related aversion,?*2° while an
input from the parafascicular thalamic nucleus plays a role in
depression-induced allodynia.”?” However, the circuits involved
in maladaptive conflict assessment and excessive avoidance
behaviors observed in pain conditions remain unknown. Impor-
tantly, the basolateral amygdala (BLA), a key structure orches-
trating fear and anxiety,”® mediates behavioral selection in
approach-avoidance conflicts mainly via its projections to the
prefrontal cortex (PFC).?° Moreover the BLA encodes nocicep-
tive stimuli and underlies motivational aspects of pain.>*' How-
ever, whether a BLA-ACC circuit contributes to pain-related
avoidance behaviors remains elusive.

Here, we hypothesize that BLA projections to the ACC undergo
plasticity in chronic pain states contributing to pain-withdrawal
behaviors. We find that animals with neuropathy or inflammatory
pain display cold avoidance in a conflicting approach-avoidance
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task (CAAT), while reward approach in the absence of aversive
stimuli or cold avoidance in the absence of rewarding stimuli
remain unchanged. We further show synaptic strengthening of
BLA inputs to ACC layer 2/3 (L2/3) pyramidal, but not to L5 pyra-
midal or interneurons in neuropathic animals. This involves an
increased contribution of a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptors (AMPARs) that are Ca?* permeable
and lack the GIuA2 subunit. Additionally, chemogenetic activa-
tion of the BLA-ACC pathway is sufficient to induce cold avoid-
ance in pain-free mice. Low-frequency stimulation (LFS) of BLA
projections to ACC L2/3 ex vivo reduces synaptic strength and re-
balances AMPAR subunit composition. Finally, chemogenetic in-
hibition or LFS of the BLA-ACC circuitin vivo reduces neuropathic
animals’ cold avoidance in the conflicting task.

RESULTS

Chronic pain facilitates avoidance when facing
approach-avoidance choices

We used the spared nerve injury (SNI) model of neuropathic pain
(Figure 1A) and first characterized different sensory and motiva-
tional behaviors (Figure 1B). As previously shown,*> SNI mice
displayed long-lasting mechanical allodynia (Figure 1C) and
coping behavior in response to hot water or an acetone (cold)
drop applied on the injured hind paw, indicative of thermal allo-
dynia (Figure 1D). However, when allowed to explore a linear
thermal gradient track with temperature zones spanning from
8°C to 46°C, all mice had similar preference for the comfortable
range (between 24°C and 34°C) and similar avoidance of the
extreme temperatures (Figure S1A). Altogether, these results
suggest that neuropathic mice have higher thermal sensitivity
compared to control animals but similar thermal avoidance
when granted free choice. We also tested sham and SNI mice’s
motivation for an appetitive stimulus using the sucrose prefer-
ence test. Both groups displayed a similar preference for the su-
crose solution, indicating the absence of anhedonia (Figure S1B).
Collectively, these data suggest that, at least at this time point af-
ter surgery (6 weeks post-operation), both groups have similar
avoidance or approach behaviors when facing aversive or appe-
titive stimuli, respectively.

In order to investigate the idea that chronic pain shifts behav-
ioral choices toward pain avoidance rather than reward
approach when both appetitive and aversive stimuli are present
together, we designed a CAAT in which animals were given the
opportunity to consume a reward but in an aversive environment.
The task consisted of a training phase and a test phase, followed
by a thermal place avoidance task. During the 7-day training
phase, sham and SNI mice were exposed for 15 min each day
to a two-compartment arena with 30°C floor temperature. All an-
imals were allowed to lick from a water spout delivering sucrose
solution (10%) positioned in one of the compartments. Both
groups developed similar preference (~60% of the time) for
the sucrose-associated compartment, spending ~40% of the
total duration specifically in the licking zone (Figures 1E and
1F) and consumed similar amounts of sucrose (Figure 1G), con-
firming that in the absence of conflict, both groups display
reward approach. During the test phase, a conflict was intro-
duced. Indeed, the floor of the sucrose-associated compartment
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was set to either 45°C or 15°C, while the other one remained at
30°C, and therefore the animals had to consume the reward in an
unpleasant thermal environment. We reasoned that the absolute
value of the rewarding and the aversive stimuli should be approx-
imately equal so that animals could have relatively balanced
approach and avoidance behaviors, hence the choice of aver-
sive but not extreme temperatures. In this conflicting situation,
all animals spent less time in the sucrose compartment
compared with the training phase; however, SNI mice showed
lower preference compared with sham mice when the floor
was cold but not when it was hot (Figures 1K and 1H). Notably,
sham and SNI mice spent similar but low amounts of time in
the lick zone during the hot conflict (Figure 11). However, SNI
mice consumed less sucrose solution (Figure 1J), suggesting
that despite the averseness of the hot temperature for both
groups, SNI mice display lower motivation for the reward.
Conversely, the time SNI mice spent in the lick zone during the
cold conflict as well as their sucrose consumption were signifi-
cantly lower than those of sham mice (Figures 1L and 1M), further
supporting that in a conflicting situation, animals with chronic
pain are less motivated for a reward and instead favor avoid-
ance. Importantly, no differences in mobility were observed be-
tween groups during the total duration of the test (Figure S1C).
Furthermore, in a passive thermal place preference (TPP) task,
where animals were exposed to the same arena but in the
absence of reward, sham and SNI mice displayed similar avoid-
ance of the aversive compartment (45°C or 15°C) (Figures S1D
and S1E).

We further assessed whether this approach-avoidance con-
flict behavior is also present in animals with acute pain and
whether it is specific for neuropathy. We used an acute and pro-
longed inflammatory pain model, induced by an injection of the
inflammatory agent complete Freund’s adjuvant (CFA) in the
left hind paw of mice (Figure S2A). This led to mechanical allody-
nia of CFA-injected mice in the acute (24 h) and prolonged
(1 week) phases after injection (Figure S2B) as well as to thermal
allodynia 1 week post-injection (Figure S2C). We performed the
conflicting task by first exposing naive mice to the training phase,
where all animals had free access to the sucrose solution in a
comfortable temperature setting. All animals developed prefer-
ence for the sucrose compartment over the training days and
spent ~40% of the total time in the licking zone (Figure S2D).
On the last day of the training (day 7), half of the animals were in-
jected with saline and the other half with CFA in the left hind paw
just prior to exposing them to the arena. Importantly, the injection
of CFA did not affect their preference (Figure S2E) or the sucrose
consumption (Figure S2F) as compared with the previous day
when animals were injection naive. However, the CFA injection
did reduce animals’ mobility on day 7 (Figure S2M). The hot
and cold tests were performed 24 and 48 h after injection,
respectively, to assess the effect of acute inflammation, and
1 week after, to assess the long-term effect of the inflammation.
We did not observe differences in the preference score during
the hot test between saline and CFA groups 24 h or a week after
injection (Figure S2G), as indicated also by their similar time
spent in the licking zone (Figure S2H). Interestingly, both groups
displayed lower preference scores for the hot compartment
1 week after injection compared with 24 h after, but CFA mice
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Figure 1. SNI mice display mechanical and
thermal allodynia as well as cold avoidance
in a conflicting approach-avoidance task
(A) Schematic of SNI surgery. The peroneal and
tibial branches of the sciatic nerve were cut and
ligated, while the sural was spared.

(B) Timeline of surgeries and behavioral experi-
ments. TPP, thermal place preference.

(C) Left: schematic of mechanical and thermal
stimulations of the injured paw of sham (black) and
SNI (red) mice. Right: von Frey test measuring the
paw withdrawal threshold (PWT; in grams) of the
injured (filled circles) and uninjured paws (empty
circles) before and 10, 20, 30, and 40 days after
surgery (N = 17 vs. 14 mice, two-way ANOVA,
interaction F12, 290) = 23.79, ***p < 0.0001).

(D) Affective coping following hot water and
acetone drop applied on the injured paw of sham
and SNI (hot water; N = 17 vs. 14 mice, 1.91 =
0.45svs. 8.27 + 1.64 s, unpaired t test, tog = 4.068,
***p = 0.0003; acetone; N = 17 vs. 14 mice, 2.42 +
0.37 svs.9.49 £ 0.78 s, unpaired t test, tog = 8.656,
****p < 0.0001).

(E) Left: training phase of the CAAT and heat-
maps showing the relative time spent in the 30°C
and 30°/sucrose compartments for sham and
SNI mice. Right: percentage of time spent in the
sucrose compartment (thick lines with circles)
and in the licking zone of the sucrose compart-
ment (dashed lines) during the 7-day training
(N =17 vs. 14 mice, two-way ANOVA, interaction
F1s,406 = 0.92, p = 0.553). The last 2 days (pre-
test) were used to calculate the average baseline
preference for the sucrose-associated compart-
ment.

(F) Percentage of time spent in the sucrose
compartment in the last 2 days of the training (sham:
N = 17 mice, day 6 vs. 7: 59.13% + 2.12% vs.
63.39% +2.07%, paired ttest, t;s=1.603,p=0.129;
SNI: N = 14 mice, day 6 vs. 7: 61.89% + 1.95% vs.
67.25% +2.25%, paired t test, t13=2.058, p = 0.06).
(G) Sucrose intake in the last 2 days of the training
(sham: N = 17 mice, day 6 vs. 7: 1.63 + 0.19 mL vs.
1.52+0.18 mL, pairedttest, t15=0.53,p=0.61; SNI:
N =14 mice, day 6 vs. 7: 1.40 + 0.18 mL vs. 1.51 +
0.08 mL, paired t test, t13 = 0.59, p = 0.56).

(H) Left: hot test of the CAAT and heatmaps showing
the relative time spentin the 30°C and 45°C/sucrose
compartments for sham and SNI mice. Right: dif-
ference of time spent in the 45°C/sucrose
compartment from baseline (N = 17 vs. 14 mice,
—82.42% +2.20% vs. —37.15% + 1.57%, unpaired
ttest, trg = 1.684, p=0.1).

(I) Percentage of time spent in the lick zone of the
45°C/sucrose compartment (N = 17 vs. 14 mice,
21.73% = 1.4% vs. 20.41% + 1.43%, unpaired t
test, tog = 0.66, p = 0.52).

(J) Sucrose intake during hot conflict (N =17 vs. 14
mice, 1.69 + 0.17 mL vs. 1.10 + 0.1 mL, unpaired t
test, t,g = 2.84, **p = 0.008).

(K) Same as in (H) but for the cold test (N = 17 vs. 14 mice, —23.69% + 2.9% vs. —37.41% =+ 2.68% ,unpaired t test, t,g = 3.413, **p = 0.002).
(L) Same as in (1) but for the cold test (N = 17 vs. 14 mice, 30.43% + 2.34% vs. 21.04% + 2.17%, unpaired t test, t,g = 2.89, **p = 0.007).
(M) Same as in (J) but for the cold test (N = 17 vs. 14 mice, 1.73 £ 0.11 mL vs. 1.16 + 0.12 mL, unpaired t test, tog = 3.54, “*p = 0.0014).

Data are presented as mean + SEM.
See also Figures S1 and S2.
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had lower sucrose intake than saline mice at this time point (Fig-
ure S2I). Different were the results with the cold temperature.
Although we did not observe differences in the acute phase of
the test (48 h post-injection), CFA mice had a lower preference
score a week following injection (Figure S2J), spent less time in
the lick zone (Figure S2K), and consumed less sucrose solution
(Figure S2L). This avoidance behavior of CFA mice occurred
regardless of their higher mobility a week after injection (Fig-
ure S2M) and was not associated with differential avoidance of
the hot or cold compartment in a passive TPP task in the
absence of reward (Figures S2N and S20).

Altogether, these results demonstrate that, indeed, different
types of chronic, but not acute, pain represent aspects of the hu-
man pain-avoidance behavior when facing conflicting choices.
Importantly, this conflict-related avoidance was particularly pre-
sent when a cold temperature was used as aversive signal.

Neuropathic pain selectively drives plasticity at BLA
inputs to L2/3 pyramidal neurons in the ACC

Activity in the ACC underlies negative affective states in chronic
pain®® and in conflict evaluation.>* Importantly, distinct thalamic,
cortical, and limbic inputs drive neuronal activity across ACC
layers,*>°® and their contribution to specific aspects of pain be-
haviors has been increasingly reported.'”*** Accumulating evi-
dence suggests a pivotal role of the ACC and the BLA in cost-
benefit decision-making®’ as well as in negative states associated
with pain and fear.®'*® The BLA is reciprocally connected to the
ACC and has been involved in pain processing and conflicting be-
haviors. Particularly, activity of the BLA projection to the PFC
shifts behavioral selection toward negative outcomes,?® and
BLA neuronal activity underlies affective states in pain.>>*° To
test the implication of a BLA-ACC circuit in pain-induced avoid-
ance behaviors, we first characterized the anatomical connectivity
and synaptic properties of this projection in the SNI model. We
performed rabies-based input-mapping in the ACC and showed
monosynaptic projections from the BLA to pyramidal neurons
(Figure S3). To determine whether neuropathic pain leads to syn-
aptic changes at BLA inputs to the ACC, we first expressed an
excitatory opsin (AAV2-CaMKII-ChR2) in the BLA of sham- and
SNIl-operated mice. We performed voltage-clamp recordings
from identified L2/3 or L5 pyramidal or GABA neurons in ACC-
containing acute slices to assess pre- and post-synaptic strength
in response to BLA input stimulation (Figure 2A). BLA axons
distributed throughout L2/3 and L5 of the ACC, with the highest
density in L2/3 (Figure 2B). We first measured the excitatory
AMPAR- and inhibitory y-aminobutyric acid type A receptor
(GABAaR)-mediated post-synaptic currents (EPSCs and IPSCs,
respectively) upon BLA input stimulation in L2/3 pyramidal neu-
rons (Figure 2C). The corresponding AMPA/GABA ratios were
comparable between neurons obtained from sham and SNI
mice (Figure 2D). Moreover, AMPA/GABA ratios did not change
between groups when recorded from L5 pyramidal or interneu-
rons of the ACC (Figures S4A, S4B, S4G, and S4H), suggesting
that no major changes of the excitation-inhibition balance occur
at BLA synapses in the ACC of neuropathic animals. We further
assessed the strength of excitatory transmission by measuring
AMPA/NMDA (N-methyl-D-aspartate) ratios across ACC layers.
We performed voltage-clamp recordings of the AMPAR-mediated
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component either at —70 or 40 mV to detect potential voltage-
dependent modifications of these receptors. We found a reduced
AMPA/NMDA ratio only in L2/3 pyramidal neurons, but not L5 py-
ramidal or GABA neurons, in slices from SNI mice when both com-
ponents were measured at positive potential (Figures 2E, S4C,
and S4l). However, when AMPAR-mediated currents were
measured at negative (—70 mV) potential, we did not observe sig-
nificant changes of excitatory strength in any of the assessed cell
types (Figures 2F, S4D, and S4J). Such discrepancies of AMPAR
function at different potentials could result from modifications of
their biophysical properties, for example a switch of their
composing subunits, rendering them less conductive at positive
membrane potentials.”® To test this scenario, we performed re-
cordings of pharmacologically isolated AMPAR-EPSCs at posi-
tive and negative potentials and measured the current-voltage re-
lationships. This allowed us to compute an AMPAR rectification
index for BLA synapses in the ACC, a property dependent on their
specific subunit composition. We found higher AMPAR rectifica-
tion properties when recording from ACC L2/3 pyramidal neurons
of SNI mice compared with the sham controls (Figure 2G) but no
modifications in L5 pyramidal or GABA neurons (Figures S4E
and S4K). These results indicate that AMPARs at these SNI L2/3
synapses may have higher expression of the inwardly rectifying
Ca®*-permeable and GluA2-lacking AMPARs. To test this idea,
we applied the selective antagonist of these receptors
1-naphthylacetyl spermine trihydrochloride (NASPM; 20 uM) to
measure their relative contribution to the total AMPAR-EPSC in sli-
ces from sham and SNI mice. We found indeed a larger decrease
of AMPAR-EPSC amplitude following the drug application in SNI
slices (Figure 2H), confirming that the pain state involves synapse-
specific AMPAR adaptations. These findings are consistent with
previous reports*’ and are supported by the high relevance of
these receptors for the expression of experience-dependent plas-
ticity.*” We also assessed presynaptic release at BLA-L2/3, L5,
and GABA neurons synapses. Notably, we observed increased
paired-pulse depression only at BLA-L2/3 pyramidal neurons
(Figure 2l), indicating higher release probability, but no differences
at BLA-L5 pyramidal or GABA neurons (Figures S4F and S4L).
Altogether, we find pain-induced synaptic potentiation specif-
ically at BLA inputs to L2/3 pyramidal neurons.

The BLA-ACC circuit is required for pain-associated
cold avoidance in approach-avoidance conflict

Given the potentiated state of BLA-ACC synapses in neuropathic
pain, we asked whether reducing the activity of BLA-ACC projec-
tions would impact the behavior of neuropathic animals. To this
end, we employed a chemogenetic strategy by bilaterally inject-
ing aretro-Cre virus in the ACC and a Cre-dependent Gi-coupled
inhibitory designer receptor exclusively activated by designer
drugs (DREADD:I; hM4Di) or a control virus in the BLA (Figure 3A).
We first tested whether expression of hM4Di in ACC-projecting
BLA neurons affects their activity and physiological properties.
We recorded their firing rate in response to current step injections
as well as the resting membrane potential (Vm) and input resis-
tance (Ri) before and after application of the DREADDI agonist
clozapine-N-oxide (CNO). Indeed, CNO reduced the firing rate
as well as Vm and Ri of hM4Di-positive neurons in the BLA
(Figures S5A-S5D). We next assessed if inhibition of BLA
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Figure 2. Neuropathy-induced potentiation of excitatory transmission selectively at BLA inputs onto ACC layer 2/3 pyramidal neurons

(A) Schematic of viral injections, sham/SNI surgeries, and recordings. Vgat-Cre mice were used for interneuron-targeted recordings.

(B) Example images showing ChR2 expression in BLA neurons and ChR2-positive terminals in the ACC. Scale bars: 100 um.

(C) Left: example image showing a biocytin-filled L2/3 pyramidal neuron (PN). Scale: 50 um. Right: schematic of L2/3 PN recordings in response to BLA terminal
stimulation.

(D) Example traces and AMPA/GABA ratios from ACC L2/3 PNs of sham and SNI brain slices (N = 5 vs. 7 mice, n = 11 vs. 11 cells, 1.45 + 0.47 vs. 1.28 + 0.55,
unpaired t test, t,o = 0.238, p = 0.81). Blue bar indicates the stimulation.

(E) Example traces and AMPA/NMDA ratios (obtained at 40 mV) from ACC L2/3 PNs of sham and SNI mice brain slices (N =5 vs. 10 mice,n=8vs. 15 cells, 1.21 +
0.12 vs. 0.71 + 0.08, unpaired t test, t,1 = 3.44, **p = 0.0025).

(F) Example traces and AMPA/NMDA ratios (measured at —70 and 40 mV) from ACC L2/3 PNs of sham and SNI mice (N = 5 vs. 9 mice, n =8 vs. 14 cells, 2.79 +
0.27 vs. 3.08 + 0.57, unpaired t test, t,o = 0.37, p = 0.716).

(G) Left: example traces of AMPAR EPSCs obtained at —70, 0, and 40 mV and the corresponding rectification index from ACC L2/3 PNs of sham and SNI slices
(N =7 vs. 11 mice, n = 14 vs. 23 cells, 1.36 + 0.08 vs. 2.46 + 0.25, unpaired t test, t35 = 3.352, **p = 0.0019). Right: normalized and liquid-junction potential-
corrected current-voltage relationship curve (I/V) showing AMPAR rectification properties.

(H) Example traces and time plot showing the effect of NASPM (20 pM) on AMPAR-EPSCs recorded in ACC L2/3 PNs from sham and SNI brain slices (N=3vs. 7
mice, n =7 vs. 11 cells, sham baseline vs. post-NASPM: 0.93 + 0.03, paired t test: tg = 2.57, *p = 0.042; SNI baseline vs. post-NASPM: 0.75 + 0.05, paired t test,
t10 = 4.539, **p = 0.001; sham vs. SNI, unpaired t test, t1¢ = 2.499, *p = 0.024).

(I) Example traces and normalized EPSC vs. pulse number plot recorded at 5 Hz in ACC L2/3 PNs from sham and SNl slices (N = 5 vs. 5 mice, n =8 vs. 11 cells,
two-way ANOVA, interaction F, gs) = 2.997, *p = 0.023; effect of pain F( g5 = 46.89, ***p < 0.0001).

Data are presented as mean + SEM.

See also Figures S3 and S4.

projections to the ACC affects mechanical and thermal allodynia.
We first performed the von Frey test at different time points after
surgery, and on day 40, all animals received a CNO injection prior
to testing. This manipulation did not affect the mechanical allody-
nia of SNI mice (Figure S6A). We also performed hot and cold
stimulations of the injured paw before and after CNO injection
and measured the animal’s coping behavior. Similarly, we did

not observe any changes in this behavior upon BLA-ACC inhibi-
tion (Figure S6B), suggesting that this circuit is not required for the
mechanical and thermal allodynia of SNI mice. We further tested
whether BLA-ACC inhibition ameliorates SNI mice’s perfor-
mance in the CAAT. Sham and SNI mice expressing either
hM4Di or a control virus in ACC-projecting BLA neurons under-
went habituation to the arena as described above and developed
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Figure 3. Inhibition of ACC-projecting BLA
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(E) Left: cold test of the CAAT and heatmaps

showing the relative time spent in the 30°C and sucrose/15°C compartments for sham-control (black), SNI-control (red), sham-hM3Dq (rose), and SNI-hM3Dq
(purple) mice after receiving CNO injection. Left: difference of preference for the sucrose/15°C compartment from baseline (N =8 vs. 8 vs. 8 vs. 7 mice, —12.31% +
4.04% vs. —30.39% + 2.60% vs. —31.22% + 4.11% vs. —31.36% =+ 7.16%, two-way ANOVA, interaction F(y »7) = 3.83, p = 0.061, Sidak’s multiple comparison:
sham-control vs. SNI-control *p = 0.017, sham-control vs. Sham-hM3Dq *p = 0.012).

(F) Percentage of time spent in the lick zone of the cold compartment (N = 8 vs. 8 vs. 8 vs. 7 mice, 46.56% + 3.72% vs. 23.51% + 1.82% vs. 25.30% + 2.93% vs.

22.54% +4.11%, two-way ANOVA, interaction Fy o7 =
vs. Sham-hM3Dq ***p = 0.0001).

9.97, **p = 0.004; Sidak’s multiple comparison: sham-control vs. SNI-control ***p < 0.0001, sham-control

(G) Sucrose intake during cold conflict (N = 8 vs. 8 vs. 8 vs. 7 mice, 1.86 £ 0.14 mL vs. 1.2 + 0.15 mL vs. 1.23 £ 0.14 mL vs. 1.22 + 0.16 mL, two-way ANOVA,

interaction Fy 27) =
Data are presented as mean + SEM.
See also Figures S5-S8.

preference for the sucrose compartment during the first 5 days of
the training (Figure S6C). On day 6, all animals received a saline
injection and on day 7 a CNO injection prior to habituation. There
was no significant effect of CNO on mice’s preference for the su-
crose compartment or on their sucrose consumption compared
with the saline injection the day prior, indicating that inhibition
of BLA-ACC connections does not affect the motivation of mice
for an appetitive stimulus (Figures S6D and S6E). On the cold
test day, the control virus-expressing SNI mice showed signifi-
cantly lower preference scores for the sucrose compartment,
spent less time in the lick zone, and consumed lower amounts
of sucrose solution as compared with the sham controls.
Conversely, hM4Di-expressing SNI mice had a preference score
similar to the sham groups, spent more time in the lick zone, and
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4.88, *p = 0.036; Sidak’s multiple comparison: sham-control vs. SNI-control **p = 0.007, sham-control vs. sham-hM3Dqg **p = 0.0095).

had higher sucrose intake than SNI control virus-expressing mice
(Figures 3B-3D). Interestingly, inhibition of BLA-ACC inputs
increased slightly the preference score of SNI mice for the su-
crose compartment when the floor was hot (45°C), although there
was no difference between SNI and sham control virus groups
(Figure S6F). Accordingly, all groups spent similarly low time in
the lick zone of the hot compartment (~20%), although SNI con-
trol mice consumed less sucrose solution (Figures S6G and S6H).
We excluded a mobility effect of BLA-ACC inhibition, as all ani-
mals traveled similar distances throughout the days of the test
(Figure S8A). To assess whether the improvement in SNI animals’
preference in the conflicting task upon BLA-ACC inhibition was
due to a higher tolerance of hot or cold temperatures, all four
groups received a CNO injection before being exposed to a
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TPP task in the absence of reward. All mice displayed again
similar avoidance of both the hot and the cold temperatures
(Figures S6l and S6J). Altogether, these results indicate that
reduction of BLA-ACC activity does not affect approach or avoid-
ance behaviors alone but reduces pain-associated cold avoid-
ance specifically in the face of conflict.

Activation of the BLA-ACC circuit is sufficient to induce
conflicting cold avoidance in pain-free animals

In light of these findings, we next wondered whether BLA-ACC
activity is sufficient to trigger avoidance even in the absence of
pain. For this we used an excitatory DREADD (hM3Dg), which
we expressed specifically in BLA neurons projecting to the
ACC by using again a retro-Cre strategy (Figure 3A). We first
tested the effect of a CNO injection on mechanical and thermal
allodynia. We did not observe pain-like coping behaviors in
hM3Dg-expressing sham animals or any further pain behaviors
of hM3Dg-expressing SNI animals (Figures S7A and S7B). We
then performed the conflicting task as described above. We
validated that during the training phase, all animals developed
preference for the sucrose-associated compartment (Fig-
ure S7C). We injected all groups with saline on day 6 and
with CNO the day after, which did not affect the preference
for the sucrose compartment or the sucrose intake of any of
the groups (Figures S7D and S7E). During the cold test, we
observed a decrease in the preference score, a lower time
spent in the lick zone, and a lower sucrose intake of hM3Dg-ex-
pressing sham mice compared with the control virus-express-
ing ones, and there was no further decrease in hM3Dg-ex-
pressing SNI animals (Figures 3E-3G). These results indicate
that BLA-ACC activation is sufficient to trigger cold avoidance
in pain-free animals. Interestingly, this effect seems to be pre-
sent only with cold, as we did not observe similar changes in
the hot test, where sham-hM3Dq mice performed as the con-
trol virus-expressing sham group (Figures S7F-S7H). To further
assess whether activation of the BLA-ACC pathway affects
the thermal sensitivity of hM3Dg-expressing mice, we per-
formed a passive TPP task in the absence of a reward. All
groups had low but comparable exploration of the hot and
cold compartments (Figures S7I and S7J), although there was
an emerging trend for lower time spent in the cold compart-
ment of hM3Dg-expressing sham mice as compared with the
controls. Importantly, BLA-ACC activation did not induce any
locomotor adaptations (Figure S8B). Collectively, these data
strongly point to a general involvement of the BLA-ACC
pathway in CAAT behaviors and suggest that activity in this
pathway may enhance the intrinsic aversive value of certain
stimuli such as cold temperatures.

Depotentiation of BLA-ACC synapses in neuropathic
pain mice reduces cold avoidance when facing
approach-avoidance conflict

We reasoned that if neuropathy leads to BLA-ACC potentiation
and if activity of this pathway is required for the expression of
avoidance during conflicts, then depotentiating these synapses
may normalize behavior.*® We first sought to reverse the syn-
aptic potentiation observed at BLA-ACC synapses ex vivo. Pre-
vious work has demonstrated experience-dependent increase
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of GluA2-lacking AMPARs in the amygdala, an effect that could
be reversed by LFS.** We used a similar strategy and per-
formed voltage-clamp recordings from ACC L2/3 pyramidal
neurons obtained in slices from SNI mice while applying LFS
of ChR2-expressing BLA terminals (Figure 4A). This led to
long-term depression (LTD) of BLA-evoked EPSCs (Figure 4B)
but did not induce changes in presynaptic release probability
or coefficient of variation (Figures 4C and 4D). Given that we
had observed both pre- and post-synaptic changes in SNI,
we asked whether LFS-LTD at BLA-ACC L2/3 inputs involves
a switch of AMPAR subunits. We voltage clamped the recorded
neurons at different potentials before and after LTD induction
and calculated the corresponding rectification index. Indeed,
we observed that LFS-LTD was accompanied by a reduction
of AMPAR rectification (Figure 4E), suggesting that pain-
induced adaptations at this synapses could be reversed, at
least partially, by LFS. We further sought to apply LFS at
BLA-ACC inputs in vivo to probe whether it would be
sufficient to reduce SNI mice’s avoidance in the conflicting
task (Figure 4F). LFS of ChR2-expressing BLA projections in
the ACC (Figure 4G) 1 h prior to the task on day 7 of the training
phase did not affect the time spent in the sucrose-associated
compartment compared with the previous day for both control
virus-expressing and ChR2-expressing SNI mice (Figures S9A
and S9B), although it did increase the ChR2-expressing
group’s sucrose intake (Figure S9C). Furthermore, LFS stimula-
tion increased SNI mice’s preference score for the sucrose-
associated compartment (Figure 4H) and increased the time
spent in the licking zone (Figure 41) and the sucrose intake (Fig-
ure 4J) when the temperature was 15°C, but not when it was
45°C (Figures S9D-S9F) without affecting overall locomotor ac-
tivity (Figure S9G). LFS stimulation did not change the avoid-
ance of the hot compartment in the TPP task (Figure S9H).
However, it did increase the time that SNI-ChR2 mice spent
in the cold compartment (Figure S9I), leaving the possibility
that this manipulation increases the tolerance to cold tempera-
tures,*° contributing to the reduced avoidance in the conflicting
task. In summary, these results indicate that LFS in a specific
ACC subcircuit ameliorates aspects of pain behaviors.

DISCUSSION

Understanding the cellular and circuit mechanisms contributing
to the complex negative symptoms occurring in the chronifica-
tion of neuropathy is a crucial step for developing effective
new treatments. Here, using an approach-avoidance task, we
demonstrate that mice with chronic neuropathic and inflamma-
tory, but not acute pain, favor avoidance of a cold environment
over approaching a reward in a conflicting situation. This recapit-
ulates in mice aspects of human pain-related fear-avoidance be-
haviors, which significantly contribute to the development and
maintenance of chronic pain states.*® We further find that, after
nerve injury, an input- and cell-type-specific potentiation occurs
in the ACC. This plasticity involves a switch of AMPAR subunits,
increasing the relative contribution of GluA2-lacking AMPARSs.
LFS of BLA inputs in L2/3 of the ACC ex vivo induces LTD of
excitatory transmission and resets AMPARs to a prepain
state. Furthermore, chemogenetic activation of the BLA-ACC
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Figure 4. Low-frequency stimulation of BLA-ACC projections induces LTD of excitatory transmission ex vivo and reduces SNI mice’s cold
avoidance in the conflicting task in vivo

(A) Schematic of ex vivo recordings of L2/3 PNs of SNI mice in response to LFS of BLA terminals.

(B) Example traces, normalized EPSC vs. time plot, and bar graph with scatterplot showing LFS-LTD (indicated with arrow) of excitatory transmission at BLA-ACC
L2/3 PNs synapses (N = 3 mice, n = 6 cells, 0.69 + 0.08, baseline vs. post-LFS paired t test, ts = 5.3, **p = 0.003).

(C) Paired-pulse ratio of AMPAR-EPSCs before and after LFS-LTD at BLA-ACC L2/3 PNs (N = 3 mice, n =6 cells, baseline vs. post-LFS 0.23 + 0.06 vs. 0.15 + 0.04,
paired t test, ts = 1.5, p = 0.194).

(D) Coefficient of variation change (0.80 + 0.2) vs. EPSC amplitude change (0.69 + 0.08) after LFS-LTD. Open circles represent individual experiments, and filled
circle represents the mean.

(E) Left: example traces showing AMPAR currents recorded at —70, 0, and 40mV. Middle: normalized EPSC recorded at 40, 0, and —70 mV before (red) and after
(cyan) LFS-LTD induction (N = 4 mice, n = 7 cells, 0.52 + 0.09, baseline vs. post-LFS paired t test, ts = 5.51, **p = 0.002). Right: rectification index before and after
LFS-LTD, normalized to baseline EPSC recorded at —70 mV (2.46 + 0.32 vs. 1.85 + 0.22, baseline vs. LFS-LTD, paired t test, ts = 3.451, *p = 0.014).

(F) Schematics and timeline of viral injections, surgeries, and behavioral experiments.

(G) Example images showing expression of AAV2-CamKII-ChR2-mCherry in BLA and ACC as well as fiber optic placement site. Scale bar: 200 um (top images)
and 50 um (bottom images).

(H) Left: cold test of the CAAT and heatmaps showing the relative time spent in the 30°C and 15°C compartments for SNI-EGFP (red) and SNI-ChR2 (cyan) mice.
Right: difference of preference for the sucrose/15°C compartment from baseline (N = 12 vs. 11 mice, —38.89% + 1.62% vs. —29.39% =+ 3.51%, unpaired t test,
tp1 = 2.528, *p = 0.019).

(I) Percentage of time spent in lick zone of the cold compartment for SNI-EGFP and SNI-ChR2 mice (N = 12 vs. 11 mice, 23.88% + 2.18% vs. 33.99% + 3.84%,
unpaired t test, to1 = 2.341, *p = 0.029).

(J) Sucrose intake during cold test for SNI-EGFP and SNI-ChR2 mice (N = 12 vs. 11 mice, 1.37 + 0.18 mL vs. 2.05 + 0.21 mL, unpaired t test, to1 = 2.449, *p = 0.023).
Data are presented as mean + SEM.

See also Figure S9.

projection induces avoidance in pain-free animals, while chemo-  Understanding the fine circuit and synaptic mechanisms
genetic inhibition or LFS of the BLA-ACC projection in vivo reba-  in the ACC in chronic pain

lances approach-avoidance choices of neuropathic animals The increased contribution of rectifying GluA2-lacking AMPARSs
when facing conflicts. to excitatory synaptic transmission in the BLA-ACC circuit is a
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hallmark of plastic synaptic remodeling. These receptors, mainly
composed of GIuA1 subunits, are permeable to Ca?* and shape
synapses in an experience-dependent fashion.*” Indeed, GluA1
subunits inthe ACC L2/3 have been shown to underlie expression
of long-term potentiation in an inflammatory pain model.*%*”
Furthermore, GIuA1 plasticity occurs also in L5 pyramidal neu-
rons following nerve injury, potentially at other inputs.*® Blocking
GluA1-containing receptors in the entire ACC have been shown
to reduce sensitization,*® highlighting the importance of these re-
ceptors for pain phenotypes. Our results are consistent with pre-
vious reports showing pre- and post-synaptic adaptations of
excitatory transmission in ACC L2/3 pyramidal neurons in chronic
pain conditions®® and add a circuit-specific understanding of
such synaptic modifications. Further, our experiments suggest
that excitatory transmission at BLA-ACC interneuron synapses
is not modified under neuropathic pain conditions, although plas-
ticity of other projections may indirectly influence the total excita-
tion/inhibition ratio. In contrast, pain states trigger selective
strengthening of BLA inputs onto inhibitory neurons of the medial
PFC (mPFC),%*° therefore reducing overall activity of projection
neurons. Given the complexity of cortical inhibitory networks,
more detailed work is needed to address potential pain-induced
adaptations in diverse inhibitory subtypes. Additionally, it re-
mains possible that parallel plasticity of NMDARs occurs at
BLA-ACC synapses. Indeed, pain-induced plasticity of
NMDARSs in the ACC has extensively been reported in a syn-
apse-specific and non-specific manner.***"

BLA-ACC projection potentiation as an aversive signal
facilitating avoidance

We speculate that the BLA provides a signal to the ACC, related
to the emotional value of a stimulus rather than its sensory qual-
ity,%° as we did not observe any change in allodynia behaviors
when manipulating activity in this circuit. Indeed, other brain re-
gions have been shown to be more relevant in the sensory
coding of pain.?”*° Importantly, SNI animals did not exhibit an-
hedonia behaviors at the examined time point after neuropathy
induction, nor did they show alterations of reward seeking or
thermal avoidance when granted a free choice. Instead, in our
hands, pain animals displayed a reduced motivation for a reward
only when forced to consume it in an aversive cold environment,
consistent with previous results demonstrating that chronic pain
animals have lower motivation to exert effort for a reward.’
Furthermore, BLA-ACC chemogenetic inhibition did not affect
approach or avoidance behaviors alone, suggesting that this
circuit is not required for the purely motivational aspect of
behavior but is rather involved in value-based decision-making.
Previous studies have described other BLA projections in posi-
tive valence coding,”**® while a projection to the PFC shows
correlated activity in response to aversion-predictive cues and
facilitates fear behaviors.?® Similarly to the PFC projection, our
results are in line with a BLA-ACC circuit tuned to aversive cod-
ing, where the pain-induced synaptic potentiation could filter
and enhance aversive representations. Importantly, our che-
mogenetic activation approach revealed a general role of this
projection in conflict avoidance behaviors and suggests that
pain states trigger converging mechanisms with other aversive
states.
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The selective strengthening of BLA inputs to ACC L2/3 pyrami-
dal neurons may serve to modulate the gain of pyramidal neurons
in L5°* likewise contributing to top-down avoidance selectionin a
conflicting context.®® However, as we did not observe synaptic
modifications onto other ACC subpopulations receiving BLA in-
puts, it is unlikely that all BLA projections to the ACC encode
negative valence in pain states. Importantly, as our approach
for BLA-ACC inhibition could not be specific to a particular
ACC layer, we could not disentangle the functional relevance
specifically of the L2/3 projection. Nevertheless, global inhibition
of this pathway reversed neuropathy animals’ avoidance choices
only when a conflict was present, suggesting its contribution in
evaluating negative outcomes in uncertain situations.

We show that conflict-induced avoidance of mice with chronic
pain is particularly present when cold was used as the aversive
context. This result could be potentially due to the aversive value
of the hot temperature for both pain and control mice. Indeed,
the avoidance of control mice in the hot test was higher than in
the cold one, while pain mice displayed similarly high avoidance
for both temperatures. Notably, the activation of the BLA-ACC
pathway in sham animals triggered avoidance of the cold but
not the hot temperature. This observation suggests that the
intrinsic aversive value of cold and hot stimuli may be processed
through different mechanisms and circuits, accounting for the
inconsistent effects observed when using hot temperatures.
However, we do observe a small reduction of SNI mice’s avoid-
ance when we modulate the BLA-ACC projection, which may
be explained by a partial contribution of this circuit to processing
emotional responses to hot stimuli.

Understanding how circuit-specific activity patterns
could improve pain states

Consistent with the idea that the ACC is an integrator of multi-
modal sensory and emotional information and a key orchestrator
of value-based action selection,'®?***49 we find that resetting
activity at BLA-ACC synapses normalizes neuropathic pain ani-
mals’ choices amid conflicting signals. Indeed, we demonstrate
that LFS of BLA inputs to the ACC efficiently reduces the stre-
ngth of excitatory transmission ex vivo as well as pain-avoidance
behaviors in vivo. Importantly, such stimulation approaches have
been successfully used to reverse synaptic plasticity adapta-
tions and maladaptive behaviors in different disease states.
More recently, frequency stimulation strategies in the PFC and
the ACC have been also proposed to alleviate pain behaviors.*®
However, in the latter study, high-frequency electrical stimula-
tion in the ACC was more efficient to reduce pain-induced aver-
sion.*® These observations suggest that different projections to
various ACC cell types may undergo distinct plasticity mecha-
nisms, highlighting the importance of gaining a circuit-level un-
derstanding of pain-induced adaptations in the ACC. Finally,
our data provide such circuit and synaptic mechanistic insights
underlying specific aspects of pain behaviors and pave the
way for developing new, more specific pain therapies.

Limitations of the study

Despite the importance of our findings, our study has some limita-
tions. First, the design of our task included only one type of aver-
sive context representing a somatosensory modality (hot/cold)
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and only one type of reward (sucrose solution). It would
be important to establish the generalizability of the BLA-ACC
circuitin conflicts involving other sensory (e.g., loud noise, looming
stimuli, predatory odor) and appetitive modalities (e.g., food, so-
cial reward, etc.). Second, we only used male mice in our investi-
gation, which may obscure potential sex differences in pain-
related behaviors. Third, we used an intraperitoneal (i.p.) injection
of CNO for our chemogenetic approaches, which may also acti-
vate/inhibit potential collaterals of ACC-projecting BLA neurons,
therefore contributing to the observed behavioral effects. Howev-
er, the LFS that was applied specifically in the ACC supports the
specificity of this pathway in the avoidance behavior. Finally, it
would be important to follow the activity patterns of ACC-projec-
ting BLA neurons during the different stages of the task in order
to establish their exact contribution to the avoidance behavior.®”
All these points could represent potential new avenues for
exploration.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

AAV2-CaMKlla-hChR2-(H134R)-eYFP VVF V661
AAV2-CaMKlla-hChR2-(H134R)-mCherry VVF v204-1
AAV-retro2-hSyn1-eBFP2-iCre-WPRE- VVF v148

hGHp(A)

AAV-retro2-hSyn1-chl-mCherry-2A-iCre- VVF v147
WPRE-SV40p(A)

AAV-retro2-hSyn1-chl-EGFP-T2a-iCre VVF v146
AAV2-hSyn1-dlox-HA-hM4D(6F)-mCitrine VVF vo3
AAV2-hSyn1-dlox-hM3D(Gq)- VVF v89
mCherry(rev)-dlox

AAV1-CAG-flex-tdTomato-WPRE-bGH VVF v167
AAV1/2-hsyn-DIO-eGFP-WPRE-hGHp(A) VVF vii5
AAV2-mCaMKlla-eGFP-WPRE-hGHp(A) VVF v113
AAV8-CaMKII-Cre-mCherry UNC AV5054b
rAAV1-syn-DIO-TVA-RG-eGFP UNC

EnVA-DG-Rabies-mCherry Salk Institute

Chemicals, peptides, and recombinant proteins

Complete Freund’s Adjuvant (CFA) Aviva Systems Biology Cat#OORA00327
Clozapine-N-Oxide (CNO) Tocris Cat#6329

Alexa Fluor 405 Streptavidin Thermo Fischer Cat#S32351
Alexa Fluor 488 Streptavidin Thermo Fischer Cat#S11223
Alexa Fluor 594 Streptavidin Thermo Fischer Cat#S11227
Paraformaldehyde (PFA) Sigma Aldrich Cat#1004960700
Triton X-100 Sigma Aldrich Cat#X100-100ML
Mowiol 4-88 Sigma Aldrich Cat#81381-50G

Experimental models: Organisms/strains

C57Bl/6J
Vgat-ires-Cre

Janvier Labs
Janvier Labs

C57Bl/6J
Vgat-ires-Cre

Software and algorithms

MATLAB
Igor Pro
Graphpad Prism

MathWorks
WaveMetrics
Dotmatics

N/A
N/A
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Thomas

Nevian (thomas.nevian@unibe.ch).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
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® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All procedures aimed to fulfill the criterion of the 3Rs and were approved by the Veterinary Offices of the canton of Bern (Switzerland;
license BE 133/16). Adult (4-12 weeks) male C57BL/6J wild-type or Vgat-ires-Cre mice (Janvier Labs) were group-housed (three to
five per cage) on a 12-12 h light cycle (lights on at 7:00) with food and water ad libitum.

METHOD DETAILS

Viruses

Viral vectors were obtained from University of North Carolina Vector Core, Chapel Hill, USA, Salk Institute viral vector core, USA or Viral
Vector Facility, Neuroscience Center Zurich, Switzerland. 200-300nL of AAV2-CaMKlla-hChR2-(H134R)-eYFP or AAV2-CaMKlla-
hChR2-(H134R)-mCherry was infused into the basolateral amygdala (BLA, anterior—posterior (AP): —1.35 mm; medial-lateral
(ML): £3.25 mm; dorsal-ventral (DV): —4.75 mm from bregma) in the right hemisphere of C57BL/6 mice for assessing input-specific
synaptic adaptations in the ACC ex vivo. Vgat-ires-Cre mice were unilaterally injected with AAV1-CAG-flex-tdTomato-WPRE-bGH
in the anterior cingulate cortex (ACC, AP: +1 mm; ML: +0.3 mm; DV: —1.75 mm from bregma) for targeted GABA neurons recordings.
For rabies-tracing, animals were injected with AAV8-CaMKII-Cre-mCherry and rAAV1-syn-DIO-TVA-RG-eGFP (UNC) in the right
hemisphere ACC and 15 days after with EnVA-AG-Rabies-mCherry (Salk Institute), animals were then perfused a week after. For che-
mogenetic inhibition during behavioral experiments, mice were bilaterally injected with AAVretro2-hSyn1-eBFP2-iCre-WPRE-
hGHp(A) or AAVretro2-hSyn1-chl-mCherry-2A-iCre-WPRE-SV40p(A) in the ACC and AAV1-CAG-flex-tdTomato-WPRE-bGH or
AAV1/2-hSyn1-DIO-eGFP-WPRE-hGHp(A) in the BLA as control or with AAV2-hsyn-dlox-HA-hM4D(6F)-mCitrine in the BLA for
AAC-projecting BLA neurons inhibition. For chemogenetic excitation experiments, mice were bilaterally injected with ssAAVretro2-
hSyn1-chl-EGFP-T2a-iCre in the ACC and with ssAAV-2/2-hSyn1-dlox-hM3D(Gq)-mCherry(rev)-dlox in the BLA. For optogenetic
manipulation during behavioral experiments, mice were bilaterally injected with AAV2-mCaMKlla-eGFP-WPRE-hGHp(A) in the BLA
as control and with AAV2-CaMKIla-hChR2(H134R)-mCherry in the BLA for low-frequency stimulation-induced depotentiation.

Optic fibers and instruments

Custom designed dual optic fiber cannulas (1.5mm of length) with guiding socket and a pitch of 0.6mm between the two fibers (Doric
Lenses, Canada) were implanted over the ACC of mice and connected to a 473nm wavelength laser (MBL-FN-473/1~100mW, Chang-
chun New Industries Optoelectronics Technology Co., Ltd) via a guiding socket to SMA fiberoptic patchcord (Doric Lenses). Some of
the animals were bilaterally implanted with in house-prepared optic fibers (FT22EMT, Thor Labs) cleaved with a fiber optic carbide
scribe (F19773, Fiber Instrument Sales) at 7.8mm of length inserted and glued with Uhu Plus glue into two ceramic ferrule cannulas
(6 mm length, LMFL-230-NN-C35 LC/MU MM, Senko Advanced Components). The fibers were then polished with different fiber pol-
ishing sheets (Thor Labs). Once implanted, the ferrules were connected to the laser via an intensity division splitter
(DMC_1x2i_VIS_FC, Doric Lenses) connected to two FCM to ZF1.25 fiberoptic patchcords (Doric Lenses) and an FC/PC to SMA patch
cable (Thor Labs). The laser was connected to anin house-built laser controller (Electronic workshop, University Bern) which was set to
deliver 5 min stimulation at 1 Hz with a duration of 10ms.The laser output power at the end of the fiber optics was set to ~10mW.

Brain surgeries: Virus injections & optic fiber implants

All surgeries were conducted under aseptic conditions with glass bead sterilized surgical tools (Fine Science Tools). Adult mice of at
least 4-5 weeks of age were anesthetized with isoflurane (2% induction, 1.5% maintenance) vaporized with 100% oxygen and placed
on a stereotaxic frame (Stoelting, USA). Eye ointment (Pharma Medica AG, Rogwil, Switzerland) was applied and body temperature
was monitored and maintained at 35°C-37°C using a heating pad (Harvard Apparatus). A mix of analgesics and anti-inflammatory
reagents was subcutaneously injected (Dexamethasone, 2 mg/kg; Carprofen 5 mg/kg). After removing the hair and cleaning the
area of the head with antiseptics, a local anesthetic (lidocaine) was injected under the skin over the skull, a longitudinal incision
was made along the head’s skin and a small craniotomy was performed over the BLA or the ACC. Uni or bilateral injections of
200-300 nL of virus were performed at the desired coordinates through a glass micropipette (5uL, BlauBrand micropipettes, intra-
MARK) attached to a standard holder at a rate of approximately 100 nL min~" using an air pressure system (Picospritzer I, Parker
Hannifin,NH,US). The injection pipette was withdrawn from the brain shortly after the infusion. Finally, the skin was sutured with
an absorbable thread (4-0 coated VICRYL rapid suture, Ethicon). For optic fiber implants, the skin above the skull was incised
and glued to the borders of the skull via tissue adhesive (Vetbond). The surface of the skull was scratched with a blade and a crani-
otomy was performed above the ACC at AP: 1mm, ML: 0.3mm and DV: —1.5mm from bregma when the dual optic fiber cannula with
a guiding socket was used and at AP: 1mm, ML: 0.56mm and DV: —1.52mm and under a 15° angle when the ceramic ferrule cannulas
were used. The cannulas were guided and inserted inside the brain and secured in place with a light curable dental cement (Tetric
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EvoFlow). A micro screw was inserted in the skull for additional stability of the implant and the whole skull area was covered with
dental cement. Animals were allowed to recover from the surgery and were weight-checked and injected with a cocktail of analgesics
and anti-inflammatory every day for few days.

Chronic neuropathic pain model: Spared nerve injury

One-two weeks after brain surgeries, animals were anesthetized with isofluorane (1.5%) and placed under a sterilized fume hood for
spared nerve injury (SNI) or a sham operation, which was always performed on the left hind paw. A small incision in the left thigh was
made to expose the sciatic nerve and a silk thread (12x18” 45cm, Sofsilk) was used to make two consecutive loose ligations around
the peroneal and tibial nerve branch, which was then cut posterior to the ligation leaving the sural nerve branch intact. For sham sur-
gery the sciatic nerve was exposed but not ligated. The skin was then sutured (4-0 coated VICRYL rapid suture, Ethicon) and dis-
infected with Betadine. Animals did not receive analgesics following the surgery but were monitored for a few days after.

Inflammatory pain model: Complete Freund Adjuvant
Animals were briefly anesthetized with isofluorane (2%) and a 30uL of the inflammatory agent Complete Freund Adjuvant (CFA) was
injected in the plantar surface of the left hind paw of mice. As control, other mice were injected with the same volume of saline solution.

Ex vivo electrophysiology

SNI or Sham animals (10-50 days after surgery) were anesthetized with isofluorane (3%) for preparation of ACC-containing brain sli-
ces. The brain was removed and slicing was done in bubbled ice-cold 95% O,/5% CO,-equilibrated solution containing (in mM): 110
choline chloride, 25 glucose, 25 NaHCO3, 7 MgCl,, 116 ascorbic acid, 3.1 sodium pyruvate, 2.5 KClI, 1.25 NaH,PO,, and 0.5 CaCl,
and ACC-containing coronal slices (250 um) were obtained using a vibration microtome (Microm, Thermo scientific).The slices were
then transferred for 10 min to warmed solution (34°C) in 95% 0O./5% CO,-equilibrated artificial cerebrospinal fluid containing (in mM):
124 NaCl, 26.2 NaHCOg3, 11 glucose, 2.5 KClI, 2.5 CaCl,,1.3 MgCl,, and 1 NaH,PO,. Patch-clamp recordings (flow rate of 2.5 mL
min~" of bath solution) were obtained under an Olympus-BX51WI microscope equipped with an IR CCD camera (Photometrics,
Cool SNAP, ES?) at 32°C and using borosilicate glass pipettes (75mm long, 2mm outside diameter, 0.5mm wall resistance: 5-8
MQ; Hilgenberg, Germany) pulled with a vertical puller (Narishige PC-100, Japan). Currents were amplified, filtered at 5 kHz and digi-
tized at 10 kHz using an amplifier (Dagan BVC-700A, Cornerstone series) with an ITC-18 board (Instrutech, HEKA Instruments) and
IgorPro software (Wavemetrics). Access resistance was monitored by a step of —5 mV (0.1 Hz) and experiments were discarded if it
was increasing more than 20% throughout the experiment. Recordings were made in voltage-clamp configuration from layer 2/3,
layer 5 pyramidal or identified GABA (Vgat-cre mice expressing Cre-dependent tdTomato) or in current-clamp mode from BLA neu-
rons (expressing DREADDI). For AMPA/NMDA, AMPA/GABA ratios, rectification properties, long-term plasticity and paired pulse ra-
tio measurements the internal solution contained (in mM): 125 gluconic acid, 130 CsOH, 5 CsCl, 10 Na-phosphocreatine, 4, Mg-ATP,
0.3 Na-GTP, 10 HEPES, 0.1 spermine, and 5 QX-314. For current-clamp experiments the internal solution contained (in mM): 115
K-gluconate, 20 KCI, 2 ATP-Mg, 2 ATP-Na,, 10 Na creatine-phosphate, 0.3 GTP, 10 HEPES. All internal solutions contained biocytin
(2 mg/ml) and all slices with recorded biocytin-filled neurons were reconstructed. For determining the AMPAR/NMDAR ratios at BLA
to ACC synapses, EPSCs were evoked from ChR2-expressing BLA axons with a single 470nm, 5ms light pulse using an LED illumi-
nation system (Thor Labs) over the slice and through a 40x objective. A mixture of AMPA and NMDA currents were evoked at +40 mV
(inthe presence of Gabazine or TTX (1uM) and 4-AP (0.5mM)) or at —70mV and +40mV, respectively. The two components were phar-
macologically isolated by adding 2-amino-5-phosphonovaleric acid (APV, 50uM) in the recording solution and by subsequent iden-
tification of the individual currents via digital subtraction. For AMPA/GABA ratios, EPSCs were evoked at —70mV and IPSCs at 10mV
in presence of APV and pharmacologically validated by adding gabazine (10uM). The rectification index was computed by recording
pharmacologically isolated AMPA-EPSCs at —70 mV, OmV and +40 mV and was calculated as follows: (AMPA-EPSC at —70/AMPA-
EPSC at +40)/1.75. Because of the liquid junction potential, the current recorded at 0OmV was non-zero. For better visual represen-
tation of the I/V curves, we calculated the percent contribution of this current for each cell to the component recorded at +40mV and
—70mV and we subtracted it, after what the currents at Omv and 40mV were normalized to the one recorded at —70mV. To assess
presynaptic release properties, trains (5 pulses at 5 Hz) of AMPAR-EPSCs were evoked by activating ChR2-expressing axons as
mentioned above. The amplitudes of EPSC trains were normalized to the amplitude of the first pulse. To assess the contribution
of GluA2-lacking AMPARs we recorded BLA-evoked and AMPA-mediated EPSCs at —70mV. After a baseline of 10min the selective
GluA2-lacking AMPAR antagonist 1-Naphthylacetyl spermine trihydrochloride (NASPM, 201M) was applied on slices from Sham and
SNI mice and its effect was recorded for at least 15min after application. For the ex vivo validation of hMD4i-expressing BLA neurons,
recordings were performed in visually identified and posthoc-validated BLA neurons in the current-clamp mode. A series of
increasing (—50pA-350pA with 50pA increments), 600ms-long current steps were delivered to determine the neuronal input-output
function before and after application of the hM4Di agonist Clozapine-N-Oxyde (CNO, 5uM), as a measure of intrinsic excitability. To
determine the input resistance, the cells were hyperpolarized by injection of a —300 pA current pulse of 100 ms duration. For long-
term plasticity experiments, pharmacologically isolated AMPA-mediated EPSCs were recorded in ACC layer 2/3 neurons from SNI
mice in response to ChR2-expressing BLA terminal stimulation. After a baseline of about 10min, low-frequency stimulation (2 paired
pulses @ 50Hz delivered @ 1Hz for 5min, 5ms pulse duration) was applied and EPSCs were monitor an hour after. The paired-pulse
ratio was calculated as the ratio of the second EPSC/first EPSC. The coefficient of variation was calculated as follows: CV 2 = n2/c2
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with p being the mean amplitude of the EPSC and o2 its variance. For determining the rectification of AMPARs before and after LFS-
LTD, we recorded AMPA-mediated EPSCs at +40mV, OmV and —70mV in ACC layer 2/3 from SNI mice, then after a short baseline
(7min, at —70mV) we applied the LFS and monitored AMPA-EPSC for about 13-15 min, after what we performed again recordings at
0mV and 40mV. The rectification index was calculated as mentioned above.

Behavior

Von Frey

Mice were put to habituate for 10-20 min in a custom-made plexiglas enclosure (10 cm x 10 cm) placed on a grid. Mechanical allo-
dynia was assessed using an electronic Von Frey anesthesiometer (IITC Life Science) by slowly applying pressure to the midplantar
surface of the hind-paw with a Von Frey filament until a paw withdrawal was evoked and the corresponding stimulation strength was
recorded (in grams). For each mouse six independent measures of the left (Sham/SNI-injured or Saline/CFA-injected) and the right
(uninjured) hind paw were taken with an interval between each measurement of about 2-3 min. The measurements were averaged
before and 10, 20, 30 and 40 days after Sham/SNI surgery or before, 24h and 1 week after Saline/CFA injection. For chemogenetic
manipulation experiments, all mice received a Clozapine-N-Oxyde (CNO, 10 mg/kg) injection 20-30 min prior von Frey testing on day
40 after Sham/SNI surgery.

Thermal stimulation-induced coping behavior

Mice were put to habituate for 10-20 min in a custom-made plexiglas enclosure (10 cm x 10 cm) placed on a grid. The left hind paw
was approached with a 1mL syringe containing hot water (temperature ~70°C-80°C) or acetone (cold stimulation) and a drop was
ejected on the lower surface of the paw until a reaction was produced. Typical coping reactions included increased velocity (escape),
licking, paw flinches, prolonged paw lifting and escape jumps. The behavior was videotaped and the total time spent coping was
manually scored. For chemogenetic manipulation experiments, all mice received a thermal stimulation (hot and cold) before and
20-30 min after CNO (10 mg/kg) injection.

Sucrose preference test

The sucrose preference test was performed with one Sham or SNI mouse per cage (40 days after surgery), with free access to two
bottles of 1% sucrose for 2 consecutive days. On day 3 and 4 (test day) mice were exposed for 48 h to two bottles, one filled with 1%
sucrose and the other one with drinking water. The sucrose preference was defined as the average ratio of the consumption of su-
crose solution vs. total intake (sucrose + water) during the test.

Thermal gradient track

Sham and SNI mice (40 days after surgery) were exposed for 1 h to a linear thermal gradient track (L 121.92 cm x W 8.25 cm x H
15.24 cm, BioSep) with temperature zones varying from 8°C to 46°C. The thermal gradient was obtained by placing the two ends
of the linear track on a hot and a cold plate respectively. The luminosity of the room was set to 10 lux to ensure exploration. The video
tracking of the mice was performed during the second half hour and the time spent in each thermal zone was computed with the
BioSep Thermal gradient test software.

Thermal place preference

A plastic box (17 cm x 33 cm) divided into two equal compartments by a plastic separator was placed on top of two thermal plates
(16 cm x 16 cm each, BioSep) positioned next to each other, creating two arenas of 8 cm x 32 cm each, where two animals could be
video tracked in parallel. One plate was set to 30°C and the other one to either 45°C or 15°C. Sham and SNI mice (around 50 days
after surgery) were placed in the arena for 10 min and were allowed to freely explore the comfortable (8 x 16¢cm) and the hot/cold (8 x
16cm) plates. Videos were acquired using Ethovision, Noldus and the analysis of the relative time spent in each compartment was
computed by a custom-written MATLAB script and expressed in percentage. For chemogenetic and optogenetic manipulation ex-
periments, mice received a CNO (10 mg/kg) injection or low frequency stimulation (1Hz, 5min) 30 min and ~1 h prior behavioral
testing respectively.

Conflicting approach-avoidance task

C57BL/6J male mice underwent Sham and SNI surgery. For chemogenetic and optogenetic experiments, mice received viral injec-
tions 2-3 weeks prior to Sham/SNI surgery. The mechanical sensitivity of the left and right paws was measured with the von Frey test
before and 10, 20, 30 and 40 days post-surgery (control and chemogenetic groups) and before, 24h and 7 days after Saline/CFA
injection (for inflammatory pain group). All animals were housed according to their treatment to avoid potential social transfer of
pain.’® Animal’s weight and well-being were regularly monitored throughout the development of chronic pain. For optogenetic ex-
periments, mice were implanted with optic fibers around 30 days after Sham/SNI surgery. 40 days after Sham/SNI surgery all
mice were water-deprived for 12 h and were put immediately after to habituate for 15 min per day during seven consecutive
days, with 12 h-water deprivation periods between each day, in an arena (16 cm x 32 cm) divided into two equal compartments
(16 cm x 16 cm). The temperature of the floor of each compartment could be controlled by using two thermal plates positioned
next to each other (BioSep). For this habituation phase (7 days) the temperature of both plates was set to 30°C. Access to 10% su-
crose solution was available in the corner of one of the compartments using an in house-built sucrose delivery lick system (Electronic
workshop, University Bern). For chemogenetic manipulation experiments, all animals received a mock i.p poke with a needle 20-
30 min before being allowed to freely explore the arena and to drink the sucrose solution in the first five days of the training in order
to habituate them to being grabbed and injected. The relative time spent in the sucrose associated compartment and the sucrose
licking zone were taken as a metric for mice’s preference for this compartment and were calculated as follows:
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time spent in the sucrose compartment for that dayX 100

sucrose preference for each day = total time

or

time spent in lick zone for that dayX 100

lick zone preference for each day = total time

Animals that spent on average less than 50% of the time in the sucrose-associated compartment during the training period were
excluded from the analysis (2 Sham and 1 SNI mice from the chemogenetic group of animals). Then they received a saline injection on
day 6 and a CNO (10 mg/kg) injection on day 7 in order to probe a potential effect of a liquid or CNO on mice’s preference for the
sucrose-associated compartment. Video tracking and analysis were obtained with Ethovision, Noldus. For optogenetic experiments,
mice were habituated to being restrained for tethering during the first six days of the training and were actually tethered and received
low-frequency stimulation (1Hz, 5 min) ~ 1 h prior exposure to the arena on day 7 to probe whether the stimulation would impact
animals’ preference. For inflammatory pain animals the Saline/CFA injection was performed 10-15 min prior introducing the mice
to the arena on the last day of the training (day 7). There was no significant difference between mice’s preference on day 6 and
day 7 across all groups, regardless of the treatment. The habituation training was sufficient to reliably learn the location of the water
spout and to consume the sucrose solution according to each mouse’s preference. To set the baseline preference of mice for the
sucrose compartment, their relative time spent in the sucrose associated compartment was averaged for the last two days of the
training:

sucrose preference on day 6+sucrose preference on day 7
2

On day 8 and day 9 after training, animals were placed in the same arena, but this time the floor of the sucrose-associated compart-
ment was set to 45°C and 15°C respectively. The relative time spent in the sucrose-associated compartment on test days 8 and 9 was
subtracted from the baseline preference (day6+ day7) to obtain the test preference score for the hot and cold temperatures
respectively:

baseline sucrose preference =

A preference score = sucrose preference day 8 (or 9) — baseline preference

Additional analysis of the total sucrose consumption for each day was performed. All animals from all groups (control, chemoge-
netic and optogenetic) underwent thermal place preference test (as described above) after the conflicting approach avoidance task
and 10 days later only control Sham/SNI, Saline/CFA and chemogenetic groups received thermal stimulation (hot water or acetone
drop on the injured hind paw) for affective coping scoring. Animals from the chemogenetic and optogenetic groups were perfused
after behavioral testing and their brains were sliced and verified for correct viral expression in the target areas and correct implan-
tation of the optic fibers. Misinjected or misimplanted animals were discarded from the behavioral analysis. For Saline/CFA mice the
behavior was performed as described above with the difference that animals were first trained for 6 consecutive days to the arena
with comfortable temperature of the floor and free access to sucrose solution and on day 7 of the training received randomly either
Saline or CFA injection of the left hind paw. The following day (24h post-injection) all mice were submitted to the hot conflict test fol-
lowed by a von Frey test and the next day (48h post-injection) to the cold conflict test. The animals were submitted again to the hot
test 6 days after Saline/CFA injection and to the cold test 7 days post-injection followed by von Frey test. On day 8 after Saline/CFA
injection all animals underwent thermal stimulation with hot water and acetone for affective coping scoring.

Histology and immunofluorescence

Animals used for behavioral experiments with chemogenetic or optogenetic manipulation were perfused with 4% PFA and the brains
were stored in PFA for 1-2 days before slicing. Slices (100um) were obtained using a Leica VT1000S vibratome and mounted with
Mowiol on microscopy slides before imaging. Brain slices used for electrophysiological recordings were fixed in 4% PFA at 4°C over-
night for reconstruction. After washing the slices with PBS (3% for 10 min), they were permeabilized in PBS containing 2% Triton
X-100 for 1 h. Then slices were incubated with streptavidin-conjugated Alexa 488/Alexa 594/Alexa 405 (1:200; Invitrogen) in PBS
containing 1% Triton X-100 depending on the fluorescence tag. After washing with PBS (3x for 10 min), the processed slices
were embedded in Mowiol on microscopy slides. Fluorescently labeled coronal brain slices were imaged using a confocal micro-
scope (Leica Microsystems, SP8) equipped with a white-light laser and two GaAsP-detectors (HyD). Imaging was performed with
a 20x objective (Leica Microsystems, HC PL APO, 20x, NA 0.75 IMM CORR CS2) from the rostral ACC. The region containing
the labeled pyramidal or GABA neuron was imaged in the tile-scan mode.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data were analyzed using custom-written IGOR procedures. The program Prism (GraphPad) was used for statistical analysis, and
data were tested with paired or unpaired Student’s t test, or with one- or two-way ANOVA together with Sidak correction for multiple

comparisons. Statistical significance was asserted for p < 0.05. Data are expressed as mean + SEM. Testing was always performed
two-tailed with o = 0.05.
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