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SUMMARY

Persistent pain is a prevalent medical concern correlating with a hyperexcitable anterior cingulate cortex
(ACC). Its activity is modulated by inputs from several brain regions, but the maladjustments that these
afferent circuits undergo during the transition from acute to chronic pain still require clarification. We focus
on ACC-projecting claustrum (CLAACC) neurons and their responses to sensory and aversive stimuli in a
mouse model of inflammatory pain. Using chemogenetics, in vivo calcium imaging, and ex vivo electrophys-
iological approaches, we reveal that suppression of CLAACC activity acutely attenuates allodynia and that the
claustrum preferentially transmits aversive information to the ACC.With prolonged pain, a claustro-cingulate
functional impairment develops, which is mediated by a weakened excitatory drive onto ACC pyramidal neu-
rons, resulting in a diminished claustral influence on the ACC. These findings support an instrumental role of
the claustrum in the processing of nociceptive information and its susceptibility to persistent pain states.

INTRODUCTION

Throughout one’s life, potentially harmful stimuli are continu-

ously detected by peripheral nociceptors and contextually eval-

uated in the central nervous system to safely regulate behavior

or, when said regulation fails, to generate the subjective sensory

and emotional experience we call ‘‘pain.’’1 Normally, pain mani-

fests acutely and subsides with the resolution of the initial

noxious insult. Its persistence, however, leads 1 in 5 people glob-

ally to the development of chronic pain syndromes that can last

for years, are often poorly managed, and drastically reduce the

patient’s quality of life.2

Decades of research have established the involvement of pre-

frontal regions such as the anterior cingulate cortex (ACC) in the

representation, encoding, and processing of the affective-moti-

vational aspects of pain.3–6 Rodent studies of ACC function have

deepened our understanding of the cellular adaptations charac-

terizing the chronic pain state and highlighted the emergence of

aberrant plasticity mechanisms altering the strength of ACC af-

ferents.7–9 Recent tracing studies identified widespread inputs

to the ACC originating from the claustrum, a thin, elongated nu-

cleus sheathed between the striatum and the insular cortex.10–12

Establishing reciprocal connections with all frontal cortical areas

and, to a lesser extent, most sensorimotor cortices, the claus-

trum was proposed to support the salience network in detecting

attention-worthy stimuli,10 but its association with the ACC in

relation to the processing of aversive and nociceptive stimuli

and the development of chronic pain states is unknown.

The increased claustral activation in patients experiencing

cognitively and emotionally exaggerated pain sensations (i.e.,

pain catastrophizing), as well as the report of paresthesias

when it is electrically stimulated, suggests its possible contribu-

tion to the processing of pain and its aversive quality.13,14 Addi-

tionally, enhanced pain thresholds in claustrum-lesioned animals

and higher cFos expression with capsaicin-induced hypersensi-

tivity further support this structure’s involvement in pain encod-

ing and expression.15,16 This inferential evidence prompted our

hypothesis that claustrum subpopulations associated with

pain-relevant cortical areas might contribute to the processing

and expression of the pain experience.

In the present article, we employ a retrograde viral approach to

examine ACC-projecting claustral neurons and investigate their

ability to represent aversive stimuli and to modulate nociceptive

responses in a mouse model of inflammatory pain. Using in vivo

2-photon calcium imaging and ex vivo patch-clamp recordings,

we expose a functional and synaptic weakening of the claus-

tro-cingulate pathway, which emerges a week after prolonged

pain. In sum, our results add to the growing body of evidence

implicating the claustrum in sensory perception and behavioral

regulation. We additionally speculate that the observed pain-

induced alterations could contribute to the maladaptive changes

within the attentional neural circuitry occurring during persistent

pain states.

RESULTS

Claustro-cingulate pathway silencing acutely
modulates allodynia
To assess whether the claustro-cingulate pathway canmodulate

pain responses, we first injected a retrograde adeno-associated

viral vector expressing Cre-mCherry and expressed a Cre-

dependent Gi/o-coupled hM4D receptor fused with mCitrine in
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the claustrum (Figure 1A). This strategy allowed us to pharmaco-

logically manipulate ACC-projecting claustrum (CLAACC) neu-

rons with the hM4D ligand clozapine-N-oxide (CNO). Ex vivo

whole-cell recordings from mCitrine-expressing CLAACC

neurons confirmed their decreased excitability following bath

application of 10 mM CNO (Figure 1B). We chose the complete

Freund’s adjuvant (CFA) inflammatory pain model to reliably pro-

voke mechanical allodynia and thermal hyperalgesia in the left

hind paw of hM4D-expressing mice and mCherry-expressing

controls. Their mechanical paw sensitivity was measured daily

with an electronic von Frey aesthesiometer following alternated

intraperitoneal (i.p.) injections of either saline solution or

2 mg/kg CNO for the first 4 days post-CFA inoculation. Testing

proceeded for 3 additional days with further saline injections to

A B

C D E

F G H

Figure 1. Suppression of CLAACC neuronal

activity reduces allodynia

(A) Top left: viral targeting strategy to express

hM4D-mCitrine in CLAACC neurons. Top right: in-

jection site of Cre-mCherry (magenta)- and hM4D-

mCitrine-expressing axons (green) in the ACC.

Bottom: retrograde expression of Cre-mCherry-

and Cre-dependent expression of hM4D-mCitrine

in the claustrum.

(B) Top: whole-cell current clamp recordings of

hM4D-mCitrine-expressing CLAACC neurons and

example trace showing action potential firing in

response to a 0.5 nA square current injection at

baseline and after 10 mM CNO bath application.

Bottom: input-output curve showing mean action

potential firing rate as a function of injected current in

CLAACC neurons before and after 10 mm CNO bath

application (n = 7 neurons; two-way ANOVA: current

injection 3 hM4d stimulation interaction, p < 0.05;

Fisher’s least significant difference [LSD], *p < 0.05).

(C) Schematic of von Frey protocol for quantification

of CFA-induced mechanical allodynia following sa-

line or CNO injections (2 mg/kg, i.p.).

(D) Time course of mechanical paw withdrawal

thresholds (PWTs) following intraplantar CFA injec-

tion (30mL) for both ipsilateral and contralateral paws

in hM4D-positive mice and hM4D-negative controls

(N = 8, 9 mice; two-way ANOVA: time point3 hM4D

expression interaction, p < 0.001; Bonferroni test:

hM4D positive vs. hM4D negative, ***p < 0.001).

(E) Average PWT symmetry (ratio of ipsi- and

contralateral PTWs) for saline- and CNO-adminis-

tration days in hM4D-positive mice and hM4D-

negative controls (N = 8, 9 mice; three-way-

ANOVA: hM4D expression 3 time 3 hindpaw

inflammation interaction, p < 0.01; Fisher’s LSD:

hM4D positive vs. hM4D negative, ***p < 0.001).

(F) Average duration of coping responses to the

application of hot water on the acutely inflamed

hindpaw of hM4D-positivemice and hM4D-negative

controls. Mice were tested following i.p. saline or

CNO administration (N = 13, 13 mice; two-way

ANOVA: CNO treatment effect, *p < 0.05; Fisher’s

LSD: hM4D-positive saline vs. CNO, **p < 0.01).

(G) Average duration of coping responses to the

plantar application of acetone, as in (F) (N = 13, 13

mice; two-way ANOVA: CNO treatment 3 hM4D

expression interaction, *p < 0.05; Fisher’s LSD:

hM4D-positive saline vs. CNO, *p < 0.05).

(H) Top: timeline of the place conditioning protocol.

Bottom: average change in preference score for the

CNO-conditioned chamber in hM4D-positive mice

and hM4D-negative controls. Gray points indicate

values for individual mice (N = 8, 8 mice; Mann-

Whitney U test, p > 0.05). Data are presented as

mean ± SEM.
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observe potential carry-over effects from the last CNO dose (Fig-

ure 1C). Following the CFA-induced hypersensitization of the in-

flamed paw (ipsi), assessed by a decreased paw withdrawal

threshold (PWT), we found that the hM4D group, but not

mCherry controls, exhibited an elevated PWT on days when

CNO was administered (Figure 1D). Importantly, this effect was

not seen on the non-inflamed paw (contra) and led to a robust

improvement of the PWT symmetry score (ratio of ipsi and contra

PWTs), implying that it was not a consequence of a non-specific

CNO-induced motor impairment (Figure 1E).

To examine the potential modulation of nocifensive re-

sponses to heat and cold (e.g., paw flinching, biting, and

licking) after 1 day of CFA-induced pain, we measured the

duration of these coping behaviors following the application

of 0.1 mL of either hot water (80�C–85�C) or acetone on the in-

flamed hindpaw of hM4D-expressing mice and mCherry con-

trols. We tested the animals after administering saline and

CNO in two separate sessions and found that only hM4D-ex-

pressing mice reduced their coping times in the presence of

CNO during thermal testing with hot water and acetone

(Figures 1F and 1G). We finally investigated whether CNO could

attenuate spontaneous as well as evoked pain responses. To

this end, hM4D- and mCherry-expressing mice were allowed

to freely explore a classical conditioned place preference appa-

ratus (pretest) before receiving an intraplantar CFA injection.

Twenty-four hours later, animals were conditioned in each

chamber with either saline or CNO and later were allowed to

freely explore the apparatus again. We quantified the relative

change in time spent in the CNO-conditioned chamber during

the test compared with the pretest (D preference score), where

positive values would indicate an increased preference for the

CNO-paired chamber (over the saline-paired one), hinting at a

rewarding effect of the CLAACC circuit inhibition. Contrary to

these assumptions, CNO did not increase the preference score

for the paired chamber, producing similar effects in both hM4D

mice and mCherry controls (Figure 1H), suggesting that this cir-

cuit manipulation did not influence the CFA-induced ongoing

pain. Additionally, we did not detect any locomotor differences

among mice undergoing saline or CNO conditioning, further

ruling out a motor impairment as an explanation for the CNO ef-

fects (Figure S1). From these results, we concluded that

CLAACC neuronal suppression can acutely and reversibly

modulate mechanical and thermal nociception while leaving

spontaneous ongoing pain unaffected, implicating this pathway

in the behavioral expression of stimulus-evoked inflammatory

allodynia.

CLAACC neuronal responses to aversive sensory
stimulation
Because of its effect on the inflamed, but not the healthy, paw

(Figure 1D), we reasoned that the chemogenetic inhibition of

CLAACC neurons could have interfered with the processing of

pain-relevant information. Activity within claustrum neurons is

modulated by a variety of sensory stimuli.17,18 It is unknown,

however, whether aversive stimuli are represented within claus-

tral networks interacting with pain-responsive cortical areas. To

this end, we retrogradely labeled CLAACC neurons with Cre-

mCherry and transduced them with the Cre-dependent fluores-

cent calcium indicator GCaMP6f. This allowed us to visualize the

activity-related calcium dynamics of CLAACC neurons through an

implanted gradient index (GRIN) lens in vivo with a 2-photon mi-

croscope (Figure 2A). We performed our recordings under light

anesthesia (0.5%–1% isoflurane), which precluded us from

measuring correlates of the conscious pain experience but

nonetheless allowed for the examination of the inherent stim-

ulus-specific activity of the claustrum, unaffected by cognitive

and premotor preprocessing. In these conditions, we were

able to reliably record the spontaneous activity of CLAACC neu-

rons (Figure 2B) as well as the calcium responses to three sen-

sory stimuli with distinct aversive qualities. An electric foot shock

(FS), an air puff (AP) directed to the eye, and a white-noise (WN)

sound burst were used, respectively, as strongly, mildly, and

weakly aversive stimuli, all leading to varying degrees of evoked

calcium activity (Figure 2C). We found that, among 385 recorded

CLAACC neurons, most cells exhibited significant responses to a

single stimulus rather than to multiple ones (34.3% and 12.5%,

respectively), with FS-responsive neurons accounting for the

largest proportion of selectively activated cells (Figure 2D).

This subpopulation had faster peak responses and was acti-

vated for a longer duration than AP- or WN-responsive neurons

(Figures 2 E, 2F, S2A, and S2B). Additionally, FS-responsive neu-

rons exhibited significantly larger stimulus-evoked calcium re-

sponses, despite overall similar levels of spontaneous activity

(Figures 2 G, 2H, S2C, and S2D). Altogether, these results

confirm the existence of sensory-related neuronal responses in

the claustrum and suggest that the claustro-cingulate pathway

preferentially reacts to noxious information over less aversive

stimuli.

Inflammatory pain-driven changes in the claustrum
Given their aversive representation capacity and pain behavior

modulation, we wondered whether a prolonged pain state would

alter the representation of noxious information within CLAACC

neurons over time. We followed the single-cell calcium activity

of CLAACC neurons in naive, healthy conditions (day 0), as well

as 24 h (day 1) and 1 week (day 7) after an intraplantar injection

of saline or CFA, to examine the temporal stability of their stim-

ulus representations (Figure 3A). In both inflamed animals and

saline controls, we detected considerable dynamic fluctuations

in the single-cell stimulus selectivity across recording days

(Figure 3B), reminiscent of the temporal variance in stimulus

representation already described in other cortical areas.19,20

Analyzing this representational drift between saline- and CFA-in-

jected mice, we tested whether inflammatory pain could

influence the relative selectivity to a specific stimulus but

found that the overall proportions of FS, AP, and WN responses

oscillated similarly between saline- and CFA-injected mice

(Figures S3A–S3C). We then classified the recorded neurons ac-

cording to their stable, changed, lost, or gained stimulus-re-

sponding properties, again finding proportionally similar

changes in the first 24 h (Figure 3C). Conversely, we observed

that twice as many CLAACC neurons lost their stimulus selectivity

after 1 week of inflammatory pain compared with saline controls

(Figure 3D). Nonetheless, the average FS-elicited responses re-

mained stable across days and were similar between healthy

and inflamed animals (Figures 3A and 3E). Similarly, all
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stimulus-evoked calcium responses were unaffected by inflam-

matory pain (Figures S3D–S3F), althoughwe surprisingly noticed

a gradual decline in the average spontaneous activity of CLAACC

neurons following CFA injection, whereas saline controls main-

tained stable activity levels (Figures 3F and S3G). Whole-cell re-

Figure 2. In vivo CLAACC responses to aver-

sive sensory stimuli

(A) Viral targeting strategy for the Cre-dependent

expression of GCaMP6f in CLAACC neurons and

histological verification of GRIN lens implantation

above the claustrum. GCaMP6f-expressing neu-

rons are imaged under a 2-photon microscope to

record their spontaneous activity as well as foot

shock (FS)-, air puff (AP)-, and white noise (WN)-

related activity.

(B) Field of view and spontaneous calcium activity

in a sample CLAACC neuron.

(C) Z-scored peristimulus activity heatmap of

stimulus-evoked responses from the neurons

shown in (B). Neurons are ordered by mean FS-

evoked activity.

(D) Top: example Z scored calcium traces from a

neuron responding to FS but not AP or WN. Bot-

tom: proportion of recorded neurons exhibiting

significant calcium responses to one or more

stimuli.

(E) Average latency to peak calcium responses,

highlighting faster activations for FS-responsive

neurons compared with AP- and WN-responsive

neurons (n = 128, 66, 48 neurons, N = 12 mice;

one-way ANOVA, p < 0.001; Bonferroni test,

***p < 0.001) (see Figure S2A for individual data

points).

(F) Longer duration of calcium activity above

baseline levels in FS-responsive neurons

compared with AP- and WN-responsive neurons

(n = 128, 66, 48 neurons, N = 12 mice; one-way

ANOVA, p < 0.001; Bonferroni test, **p < 0. 01) (see

Figure S2B for individual data points).

(G) Area under the curve of stimulus-evoked cal-

cium responses showing larger activations in FS-

responsive neurons (n = 128, 66, 48 neurons, N =

12 mice; one-way ANOVA, p < 0.001; Bonferroni

test, ***p < 0.001) (see Figure S2C for individual

data points).

(H) Similar area under the curve of spontaneous

calcium activity for all stimuli-responsive neurons

(n = 128, 66, 48 neurons, N = 12 mice; one-way

ANOVA, p > 0.05) (see Figure S2D for individual

data points). Data are presented asmean ±SEM or

median with interquartile range and outliers.

cordings from CLAACC neurons ex vivo

showed that 1 week of inflammatory

pain did not alter their rheobase, input

resistance, or input-output relationship

(Figures S3H–S3K), suggesting that their

lowered spontaneous activity in vivo

might arise from modifications in network

activity rather than intrinsic excitability.

Taken together, these findings show

how sensory stimuli can be dynamically

processed at the single-cell level in the

claustrum while being stably represented at the population level.

Additionally, the decreased spontaneous activity and larger loss

of stimulus selectivity indicate that persistent pain may be asso-

ciated with a gradual degradation of the information-encoding

properties of claustral networks.
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Prolonged pain reduces ACC excitatory drive from the
claustrum
Previous studies have suggested that claustral activation gener-

ally leads to the inhibition of its cortical targets’ principal cells

through the activation of local interneurons.21–23 Yet, since

ACC activity positively correlates with the perceived unpleasant-

ness of pain,24,25 we reasoned that the outcome of our claustro-

cingulate manipulation rather reflected the excitatory nature of

this pathway (Figures 1E and 1F). To test this hypothesis and

gauge the net influence of claustrum projections on the ACC,

we expressed the hM4D receptor in CLAACC neurons and trans-

duced ACC pyramidal neurons with a CaMKIIa promoter-driven

GCaMP6f. In lightly anesthetized mice, implanted with a GRIN

lens above the ACC, we imaged pyramidal neurons at baseline

and following i.p. injections of either saline or 2 mg/kg CNO

and calculated the single-cell change in calcium activity (Fig-

ure 4A). In naive mice, the CNO-mediated suppression of

CLAACC inputs led to a significantly larger decrease in both spon-

taneous and stimulus-evoked activity of ACC pyramidal neurons

compared with saline-injected controls. This reduction was pre-

served in the first 24 h of CFA-induced inflammatory pain but not

at later stages (1 week of CFA), when we found that CLAACC in-

hibition was no longer able to significantly modulate ACC activity

(Figures 4B–4E and S4A–S4D). These results establish the exis-

tence of a tonic excitatory influence of the claustrum on the ACC,

which is lost at 1 week of inflammatory pain. We therefore inves-

tigated whether such functional deficit would manifest behavior-

ally by examining the PWT symmetry in an additional cohort of

mice expressing hM4D in CLAACC neurons (as in Figure 1). We

performed repeated von Frey testing after i.p. injections of saline

(sessions 1 and 3) or CNO (session 2) to evaluate the effect of

silencing the CLAACC pathway after 1 week of inflammatory

pain (Figure 4F). Consistent with the observed loss of ACCmod-

ulation, CNO lost its ability to improve the PWT symmetry or the

coping responses to thermal stimuli in hM4D-expressing mice

after 1 week of persistent pain (Figures 4G–4H, S4E, and S4F),

supporting a relation between the claustrum’s influence on the

ACC and its modulation of nocifensive responses.

Claustrum-ACC synaptic alterations after 1 week of
inflammatory pain
The deteriorated ACC sensitivity to claustral modulation could

originate from direct glutamatergic CLAACC inputs progressively

losing strength during prolonged pain states. Alternatively,

claustral neurons might exert their effects through a heteroge-

neous projection pattern onto ACC pyramidal neurons and net-

works of local interneurons. The CFA-induced loss of claus-

trum-ACC coupling could thus be achieved by shifting the

relative weight of these excitatory (direct) and inhibitory (indirect)

inputs. To explore these possibilities, we injected mice with a

A B

DC

E F

Figure 3. CLAACC neuronal responses dur-

ing inflammatory pain

(A) Illustration of average FS-elicited calcium re-

sponses in naive conditions and during inflamma-

tory pain.

(B) Z-scored peristimulus activity heatmap of FS-

evoked responses from a sample field of view

across three time points. Neurons are ordered by

mean FS-evoked activity on day 0.

(C) Percentage of recorded neurons exhibiting

distinct selectivity dynamics from days 0 to 1,

showing similar changes between saline- and

CFA-injected mice. (N = 4, 6 mice; two-way

ANOVA, p > 0.05).

(D) Percentage of recorded neurons exhibiting

distinct selectivity dynamics from days 0 to 7,

highlighting a larger proportion of lost stimulus-

selectivity in CFA-injected mice (two-way ANOVA,

p > 0.05; Fisher’s LSD, *p < 0.05).

(E) Area under the curve of FS-evoked responses

across time shows stable evoked responses

following saline or CFA injection (n = 35, 39 neu-

rons, N = 4, 6 mice; repeated measures two-way

ANOVA, p > 0.05) (see Figure S3D for individual

data points).

(F) Spontaneous activity decrease in CLAACC

neurons across time following CFA, but not saline,

injection (n = 74, 82 neurons, N = 4, 6 mice;

repeated measures two-way ANOVA: pain state3

time interaction, p < 0.01; Bonferroni’s test,

**p < 0.01) (see Figure S3G for individual data

points). Data are presented as mean ± SEM or

median with interquartile range and outliers.
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retrograde Cre-mCherry-encoding virus in the ACC to condition-

ally express the light-gated ion channel ChR2 in the claustrum

and to optically probe CLAACC inputs onto ACC layer 5 pyramidal

neurons with ex vivo whole-cell patch-clamp recordings (Fig-

ure 5A). ChR2-expressing axonal terminals were stimulated

with blue light pulses to elicit fast excitatory postsynaptic cur-

rents (EPSCs) that were abolished by the sodium channel

blocker tetrodotoxin (TTX) and subsequently rescued by the po-

tassium channel blocker 4-aminopyridine (4-AP; Figure S2A),

confirming the monosynaptic nature of this connection.26 Stimu-

lation of CLAACC terminals also evoked inhibitory postsynaptic

currents (IPSCs) sensitive to the GABAA receptor antagonist ga-

bazine (Figures 5B and S2B). These IPSCs displayed longer

onset latencies and, like EPSCs, were eliminated by antago-

nizing glutamate receptors with CNQX and AP5 (Figures 5C

and S2C), confirming the direct glutamatergic innervation of

ACC pyramidal neurons by CLAACC projections, together with

a slower and indirect inhibitory input mediated by local interneu-

rons. We thus calculated the ratio of EPSCs to IPSCs as a mea-

sure of excitation/inhibition balance, finding it unaltered between

mice that had received an intraplantar injection of either saline or

CFA 1week earlier (Figure 5D). In contrast, the paired-pulse ratio

(PPR) of IPSCs was significantly increased in CFA animals, indi-

cating a moderate short-term facilitatory shift in these strongly

depressing inhibitory synapses (Figure 5E). EPSCs, on the other

hand, did not display CFA-induced changes in short-term plas-

ticity (Figure 5F). We observed, however, that the relative contri-

bution of AMPA to NMDA currents was reduced after a week of

inflammatory pain compared with saline controls (Figures 5G

and 5H). Although a decreased AMPA-to-NMDA ratio could be

explained by an increased synaptic insertion of inwardly recti-

fying GluA2-lacking AMPA receptors, we observed similar de-

grees of inward rectification between saline andCFA animals, re-

jecting this hypothesis (Figure 5I). Similarly, NMDA receptor

Figure 4. Loss of ACC modulation by the claustrum after prolonged pain

(A) Viral targeting strategy to Cre-dependently express hM4D-mCitrine in CLAACC neurons and GCaMP6f in ACC pyramidal neurons. Neuronal responses are

recorded under a 2-photon microscope before and after a saline or CNO injection to quantify the activity change in the ACC following CLAACC inhibition.

(B) Percentage change in spontaneous activity after saline or CNO treatment at different time points of CFA-induced inflammatory pain. In both naive and 24 h

CFA conditions (but not 1 week CFA), ACC neuronal activity was lower in the presence of CNO (n = 242–341 neurons, N = 8, 8 mice; two-way ANOVA: time in

pain 3 CNO treatment interaction, p < 0.001; Fisher’s LSD, ***p < 0.001) (see Figure S4A for individual data points).

(C–E) Percentage change in FS-, AP-, and WN-evoked activity between saline- and CNO-treated mice. As in (B), ACC neuronal activity was suppressed by CNO

comparedwith saline in naive and 24 hCFA conditions but not at 1week CFA (n = 242–341 neurons, N = 8, 8mice; two-way ANOVA: time in pain3CNO treatment

interaction, p < 0.001; Fisher’s LSD, ***p < 0.001) (see Figures S4B–S4D for individual data points).

(F) Protocol for repeated von Frey testing after alternated saline and CNO injections in naive mice and following inflammatory pain induction. Mice underwent

three testing sessions (following i.p. saline, CNO, and saline again) at all pain conditions (naive, 24 h CFA, and 1 week CFA).

(G and H) PWT symmetry in hM4D-negative and hM4D-positive micemeasured in naive conditions and during early and late inflammatory pain following saline or

CNO administration. While hM4D-negative mice were unaffected by CNO treatment (G), hM4D-positive neurons increased their PWT symmetry at 24 h CFA

(H) but not at 1 week CFA or naive conditions (N = 8, 8mice; repeatedmeasures one-way ANOVA hM4D-positive: 24 h CFA, p < 0.01; Bonferroni’s test, *p < 0.05).

Data are presented as mean ± SEM or median with interquartile range and outliers.

6 Cell Reports 42, 112506, May 30, 2023

Article
ll

OPEN ACCESS



decay kinetics remained comparable between groups, also

ruling out alterations that could have arisen from NMDA subunit

changes (Figure 5J).We lastly performed a non-stationary fluctu-

ation analysis27 to estimate the synaptic number and single-

channel conductance of AMPA receptors from the parabolic

relationship between their mean current amplitude and the asso-

ciated current variance around the mean (Figure 5K). Consistent

with the stable rectification index, we found the single-channel

conductance unchanged following 1 week of inflammatory

pain, whereas the number of open AMPA channels was signifi-

cantly lowered compared with saline controls (Figures 5L and

5M). Collectively, the present results describe a reduction in

AMPA-mediated glutamatergic efficacy onto L5 ACC pyramidal

neurons, together with a relative facilitation of local inhibition, as

possible synaptic mechanisms contributing to the impaired

claustrum-ACC coupling emerging during prolonged pain

states.

DISCUSSION

The claustrum, as well as the ACC, has been implicated in sen-

sory processing and in the modulation of attentional pro-

cesses.18,28–31 The present work consolidates the sensory

representational properties of the claustrum and provides direct

Figure 5. Synaptic weakening of claustrum

inputs to L5 ACC pyramidal neurons after

1 week of inflammatory pain

(A) Viral targeting of CLAACC neurons to express

ChR2-EYFP and sample biocytin-filled neuron re-

corded in layer 5 ACC 1 week after intraplantar

CFA injection.

(B) Example traces recorded in ACC-containing

brain slices 1 week after saline or CFA treatment.

EPSCs and IPSCs were recorded at holding po-

tentials of�70 and 0mV, respectively. Arrowheads

indicate blue light stimulation of ChR2-expressing

axons.

(C) Mean onset latency for EPSCs and IPSCs,

showing fast excitatory, and slower inhibitory, re-

sponses onto L5 ACC pyramidal neurons (n = 21

neurons; Wilcoxon signed-rank test, p < 0.001).

(D) Ratios of EPSCs over IPSCs show similar

excitation/inhibition balance in saline- and CFA-

injected animals (n = 17, 21 neurons; N = 8, 8 mice;

Mann-Whitney U test, p > 0.05).

(E–F) Paired-pulse ratios for IPSCs (n = 16, 19 neu-

rons;Mann-WhitneyU test, p <0.05) andEPSCs (n=

17, 22 neurons; N = 8, 8mice;Mann-Whitney U test,

p > 0.05), showing a change in short-term plasticity

on inhibitory, but not excitatory, synapses after

1 week of CFA-induced pain.

(G) Example traces recorded at +40 mV to isolate

AMPA and NMDA receptor-mediated currents in

saline- and CFA-treated mice.

(H)AMPA-to-NMDAreceptor-mediatedcurrent ratio

after 1weekofsalineorCFA-inducedpain (n=19,20

neurons; N = 9, 8 mice; Mann-Whitney U test,

p < 0.05).

(I) Mean AMPA receptor rectification index (ratio of

negative and positive AMPA chord conductances)

(n = 13, 14 neurons; N = 9, 8 mice; Mann-Whitney U

test, p > 0.05).

(J) Mean decay kinetics of NMDA receptors remain

stable after 1 week of CFA-induced pain (n = 17, 15

neurons; N = 9, 8 mice; Mann-Whitney U test,

p > 0.05).

(K) Mean amplitude-variance relationship obtained

fromthenon-stationary fluctuationanalysisofAMPA

EPSCs. A parabolic fit of the current variance data is

used to obtain estimates of unitary channel

conductance and number of open channels (see

STAR Methods).

(L) Mean unitary conductance of AMPA receptors remains stable between saline- and CFA-injected mice (n = 17, 19 neurons; N = 8, 7 mice; Mann-Whitney U test,

p > 0.05).

(M) Mean number of open AMPA receptors is decreased 1 week following CFA administration (Mann-Whitney U test, p < 0.05). Data are presented as mean ± SEM.
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evidence for the preferential processing of strongly aversive in-

formation over more neutral stimuli within a subpopulation of

ACC-projecting (CLAACC) neurons.

Despite the low concentrations used in this study, the volatile

anesthetic isoflurane is known to suppress ‘‘top-down’’ cortico-

cortical network activity, while ‘‘bottom-up’’ thalamocortical in-

formation transfer is less affected.32 We could therefore reliably

observe calcium responses to distinct sensory stimulations un-

der light anesthesia, with electrical FS responses being more

robustly represented than APs or WN sound bursts. This prepa-

ration presumably allowed us to investigate the passive stimulus

responses in the claustrum without potential confounds coming

from learned premotor activity that might arise from repeated

stimulation in an awake, conscious animal.17,33 It remains to be

tested, however, whether the response amplitudes, proportions

of responding neurons, and selectivity dynamics would be com-

parable in freely moving mice.

Suppression of CLAACC activity during early stages of inflam-

matory pain was able to acutely alleviate the hypersensitized

responses to somatic stimulation, suggesting a role for this cir-

cuit in the behavioral expression of mechanical allodynia

and thermal hyperalgesia. Importantly, the same manipulation

was not able to produce negative reinforcement from pain relief

in CFA-injected animals, suggesting that different circuits

are involved in the modulation of spontaneous and evoked

pain.34 This could arise from an altered cortical processing of

external noxious stimuli leading to, or modulating, the expres-

sion of nocifensive reflexes and coping behaviors. In humans,

the ACC is consistently activated by noxious stimulation, and

its functional connectivity with descending pain modulatory

areas correlates with prolonged pain intensity.35,36 Similarly,

in rodents, the ACC is crucial for pain aversion learning and

the expression of nociceptive behavioral responses.24,37

Consistent with these studies, our results establish an excit-

atory functional role for CLAACC projections in driving the

ACC to support allodynia. While this coupling involves both a

direct excitation of layer 5 pyramidal neurons and their feedfor-

ward inhibition through local GABAergic interneurons, our im-

aging data demonstrate an overall decrease in excitatory tone

in the ACC following CLAACC inhibition. Interestingly, in vivo

extracellular recordings performed by Jackson and colleagues

indicated an inhibitory, rather than excitatory, functional

coupling between the claustrum and the medial prefrontal

cortex (mPFC), which lies just adjacent to the ACC.22 This

difference likely arises from area- and layer-specific claustral

projection patterns onto networks of pyramidal neurons and

local inhibitory interneurons, whose interplay may steer toward

either cortical excitation or inhibition. Because of the extensive

collateralization of frontal-projecting claustral neurons,10,38 it is

reasonable to expect that our manipulation of CLAACC neurons

concurrently led to the disinhibition of some mPFC principal

neurons. Unlike in the ACC, pyramidal activity in the prelimbic

mPFC correlates positively with antinociception and is reduced

during chronic pain states.39–41 Therefore, our modulation of

mechanical allodynia might derive from the concerted response

of distinct brain areas, beyond the ACC, being differentially

regulated by the claustrum and converging to a common

behavior. It remains to be tested whether the claustral influence

over prelimbic neurons also undergoes similar pain-related ad-

aptations as observed in the ACC.

Previous research on the information-encoding properties of

the claustrum revealed its ability to represent internal premotor

activity as well as external sensory events. These studies, how-

ever, could not examine the temporal stability of these neuronal

representations. Indeed, several associational and sensory

cortical areas do not always show stable stimulus-related

neuronal responses but can display a continuous reconfiguration

of such representations, so that the encoding of information can

vary within single neurons while often remaining stable at the

population level.19,42–44 Our findings similarly expose this repre-

sentational drift in the claustrum, suggesting that information

about sensory stimuli may be flexibly distributed across a dy-

namic subset of CLAACC neurons. Nonetheless, the average

responses to all stimuli remained unchanged throughout all

recording sessions and even across 1 week of inflammatory

pain. This shows that, despite its ability to affect behavioral re-

sponses to noxious stimuli when silenced, CLAACC neuronal ac-

tivity may not reflect the intensity of sensitized responses

observed during pain chronification. Interestingly, we also found

a higher proportion of CLAACC neurons losing their stimulus

responsiveness after 1 week of inflammatory pain. Together

with the observed decline in overall CLAACC spontaneous activ-

ity, this could imply that persistent pain states may degrade

these neurons’ ability to convey relevant aversive information

to the ACC over time.

In parallel to these changes, our work reveals the functional

decoupling between claustrum and ACC after 1 week of inflam-

matory pain, whereby CLAACC suppression no longer affects

ACC pyramidal activity or CFA-induced mechanical allodynia.

This deficit may arise from the depotentiation of AMPA recep-

tor-mediated excitatory transmission onto layer 5 pyramidal

neurons, which constitute the main cortical output layer.45,46

While we did not observe pain-induced changes in the excita-

tion/inhibition balance of the CLAACC neurotransmission, the

synaptic facilitation of GABAergic feedforward inhibition during

pain could theoretically provide an additional interference to

the excitatory drive from the claustrum by supporting higher fre-

quencies of tonic presynaptic inhibitory activity.47

The recent surge in claustrum studies has advanced several

hypotheses about its possible functions—from salience detec-

tion and attention modulation to the regulation of impulsivity

and slow-wave sleep.28,48–50 Our findings add to this body of

work by corroborating previous suggestions about the claus-

trum’s involvement in pain.15,51,52 Curiously, several lines of

research support a close relationship between attention and

pain wherein chronic pain states not only impair attentional per-

formance9,53 but could also be exacerbated by the excessive

attention to, and anticipation of, nociceptive sensations.54,55 It

should also be noted that ACC neurons are not only activated

by painful sensations but are also involved in response conflict

and error detection—suggesting a broader function in tuning

attention toward the most attention-grabbing stimuli during

cognitively and emotionally demanding situations.56–58 Since

the claustrum was also proposed to support behavioral perfor-

mance under cognitively demanding tasks,59–61 we speculate

that the claustro-cingulate pathway may play a role in
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coordinating the activity of attentional and salience networks to

regulate behavioral responses to aversive stimuli. Although the

present study focused on the adaptations produced during the

first week of inflammatory pain, it remains to be tested how these

changes progress over a longer time frame and whether they

serve as a compensatory mechanism to relieve the cognitive

load in the ACC or rather follow the alteration in the claustrum’s

ability to regulate attention to nociceptive signals during the

chronification of pain. Exploring the attention-modulating func-

tion of claustrum projection neurons, Atlan and colleagues

demonstrated their critical role in filtering out distracting ele-

ments to efficiently support goal-directed behavioral perfor-

mance in the presence of task-unrelated stimuli.28 It is conceiv-

able that the synaptic weakening and functional decoupling

between claustrum and ACC activity might reflect one’s progres-

sive inability to disrupt attention from noxious stimuli when pain

becomes persistent. Future investigations should therefore

probe the association of persistent pain states and attentional

deficits to determine the causal relation between pain-induced

claustro-cingulate adaptations and behavioral performance.

Limitations of the study
As a first limitation, it should be acknowledged that only male

mice were used in our study, which may limit the generalizability

of our results. There is an urgent need to better understand the

complex mechanisms underlying pain chronification in both

sexes.62 Sex differences in the perception of acute pain, the

response to analgesia, and the manifestation of chronic pain

are indisputable in the clinical practice, presumably due to ge-

netic, hormonal, and environmental factors.63–65 Nevertheless,

the precise mechanisms on the cellular and circuit levels are

less understood. Whether the claustrum differentially affects

pain processing between sexes has yet to be determined. This

might indeed be the case, as the claustrum was proposed to

be supporting cognitive flexibility by controlling attentional set

shifting,66 a function that is impaired in male, more than in fe-

male, mice in chronic neuropathic pain.67 Thus, not only does

sexual dimorphism need to be elucidated, but also the influence

of the claustrum on other chronic pain models ought to be stud-

ied. Another important limitation comes from our use of an indi-

rect and non-contingent chemogenetic approach to assess the

net excitatory effect of claustral projections to the ACC, as

different stimulation patterns may give rise to distinct and more

complex neuronal responses.68 Finally, our use of a single injec-

tion into the ACC for retrograde tagging together with the ineffi-

cient Cre-dependent recombination led to incomplete targeting

of the whole CLAACC subpopulation. While this may have

restrained the effect size of our manipulations, our study pro-

vides nonetheless an important proof of principle about synaptic

and functional impairments in the claustro-cingulate pathway

induced by prolonged pain states.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were carried out in accordancewith the guidelines from the veterinary office of theCanton of Bern (Switzerland). Adult

(>6 weeks) male C57Bl/6Jmice (Janvier Labs), group-housed (unless otherwise specified) with 2–4 littermates under a 12 h light/dark

cycle, were used for all experiments. All surgical procedures were performed under isoflurane anesthesia (5% for induction and 2%

for maintenance) and constant body temperature monitoring.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV-retro-hSyn1-Cre-mCherry VVF v147-retro

AAV1-hSyn1-DIO-hM4D-mCitrine VVF v93-1

AAV1-hSyn1-DIO-GCaMP6f VVF v730-1

AAV1-CaMKIIa-GCaMP6f VVF v183-1

AAV2-hEF1a-DIO-ChR2-EYFP VVF v214-2

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 Fisher Cat#S32351

Alexa Fluor 488 Streptavidin Thermo Fisher Cat#S11223

Alexa Fluor 594 Streptavidin Thermo Fisher 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 Janvier Labs C57Bl/6J

Software and algorithms

MATLAB MathWorks N/A

NoRMCorre Pnevmatikakis and Giovannucci, 201769 N/A

Igor Pro WaveMetrics N/A

Graphpad Prism Dotmatics N/A
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METHOD DETAILS

Virus injections
A standard stereotaxic frame (Kopf Instruments) was used to take anteroposterior and mediolateral coordinates (relative to bregma)

as well as dorsoventral coordinates (from the pial surface) for intracranial injections. Respectively, these coordinates were (in

mm) +1, ±0.35, �1.25 for ACC injections, and +1.1, ±3.1, �2.7 for the claustrum. Virus solutions containing AAV-retro-hSyn1-

Cre-mCherry (200 nL), AAV1-hSyn1-DIO-hM4D-mCitrine (100 nL), AAV1-hSyn1-DIO-GCaMP6f (100 nL), AAV1-CaMKIIa-

GCaMP6f (200 nL), or AAV2- hEF1a-DIO-ChR2-EYFP (100 nL) were slowly injected through heat-pulled glass pipettes connected

to a Picospritzer pressure microinjector (100–200 nL/min, Parker). Viruses were injected unilaterally for electrophysiological and

two-photon experiments, or bilaterally for behavioral experiments. After surgery, viral constructs were allowed to express, and

mice allowed to recover for at least 3–4 weeks before experimentation. All viruses were purchased from the Viral Vector Facility

(VVF) of the University of Zurich.

Pain induction and behavioral testing
Inflammatory pain was induced by injecting 30 mL complete Freund’s adjuvant (CFA, Aviva Systems Biology) into the plantar surface

of the hind paw contralateral to the hemisphere to be imaged in vivo or patched ex vivo. To assess the ensuing inflammation-induced

mechanical allodynia, mice were individually confined in a plexiglass chamber placed on an elevated grid, where they habituated for

20 min before testing. A von Frey filament was slowly pressed against the plantar surface of either hind paw, and the gram-force

needed to elicit a paw withdrawal or flinching was measured with an electronic aesthesiometer (IITC Life Science). For a single ses-

sion, the mean withdrawal threshold of each paw was averaged from six repeated measurements. For chemogenetic experiments,

saline or clozapine-N-oxide (CNO, 2 mg/mL) were injected i.p. immediately before habituation. In the repeated von Frey testing from

Figure 4, sessions were carried out at least 3 h apart, to maximize intersession CNO clearance. Thermal hyperalgesia was assessed

with the hot water test and acetone test. In both assays, mice undergoing inflammatory pain were injected i.p. with 2 mg/mL CNO (or

saline) and placed in a transparent plexiglass chamber over a grid floor. After 20 min, 0.1 mL of either 80–85�Cwater or acetone was

applied to the inflamed hindpaw, and the time spent biting, licking, and flinching their pawwas recorded and later manually quantified

at half speed to measure the coping time within the first minute from paw stimulation. Four hours later, animals were injected with

saline (or CNO) and the assay was repeated so that each animal got tested in both conditions. To examine the potential relief

from spontaneous CFA-induced inflammatory pain, we performed a conditioned place preference test (CPP)25 consisting of a pre-

test, two conditioning sessions, and a test phase. During pretest, mice freely explored a classical CPP apparatus (two 25 cm3 25cm

chambers connected by a 10 cm3 7 cm corridor) for 20min. The chambers were differentiated by visual (striped or dotted walls) and

olfactory cues (1% acetic acid or ethanol-based cleanser). After pretest, all mice received an intraplantar CFA injection and returned

to their homecages for 24 h. During conditioning, animals received i.p. saline (or CNO) 20 min before being confined in one of the two

chambers for an additional 20 min. Four hours later they were given i.p. CNO (or saline) and confined in the other chamber. The least

explored chamber during pretest was selected as the CNO-conditioning chamber, whereas the conditioning order was assigned

randomly. Four hours after the final conditioning session, animals were allowed free access to the apparatus for 20 min and the

normalized difference in time spent in the CNO-paired chamber (TCNO) compared to the saline-paired one (TSAL) was computed

as Preference score = ðTCNO � TSALÞ = ðTCNO + TSALÞ. The change in preference scorewas then calculated by subtracting the score

obtained from the pretest to evaluate the emergence of CNO-conditioned place preference (positive values) or avoidance (negative

values). All CPP data was recorded and analyzed with Ethovision software (Noldus).

GRIN lens implantation
Long (0.5-mm wide, 6.52-mm long) and short (1-mm wide, 4.38-mm long) gradient-index (GRIN) lenses (Grintech) were respectively

employed for the chronic optical access to claustrum and ACC neurons in vivo. At the anteroposterior and mediolateral coordinates

where the GCaMP6f-encoding virus was injected, a circular craniotomy was performed and the dura mater carefully excised. After

cleaning the exposed brain with saline and stopping all bleeding, a gradient-index (GRIN) lens was stereotactically inserted very

slowly into the craniotomy (0.2 mm/min) until positioned 200 mm dorsal to the virus injection site. Here, the lens was sealed to the

edge of the craniotomy with a self-cure dental adhesive (Super-Bond C), while a short pipette tip segment was cut and laid around

the exposed lens and used as an open protective cap. A small screw was then inserted superficially on the parietal bone and, after

gently scratching the skull surface for better adhesion, both screw and protective cap were anchored to the scalp with regular cyano-

acrylate glue. Finally, the whole implant was secured with a thick layer of Paladur dental cement (Kulzer), covering up to edge of the

protective cap. After at least three weeks from surgery, and before the first imaging session, a small, custom-made metal bar to be

used for head-fixation under the two-photon microscope was cemented above the implant with Paladur. After mounting the head

bars, mice had to be housed individually to minimize the risk of implant removal by cage littermates.

Two-photon microscopy
Calcium imaging data was acquired with a custom-built galvanometric two-photon laser scanning microscope,70 equipped with a

Mai Tai Ti:Sapphire laser (Spectra Physics), a Pockels cell (Conoptics), and a W Plan-Apochromat 203 objective (Zeiss). GRIN

lens-implanted animals were lightly anesthetized (0.5%–1% isoflurane) and head-fixed beneath the microscope, where GCaMP6f
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was excited at 920 nm and its emitted fluorescence detected by a photomultiplier tube (Hamamatsu). Microscope acquisition and

storage was controlled with Scanimage software, and the recorded time series were later analyzed with custom software on

MATLAB, Python, and R. In each animal, one or two distinct fields of view, at least 100 mm apart, were imaged at a 33magnification

and recorded at 9.048 frames per second. In the ACC, 40–60 neurons per field of view (FOV) were recorded simultaneously—sub-

stantially more than in the claustrum (10–20 neurons) due to its thin structure, incomplete retrograde labeling and conditional

GCaMP6f expression. Each FOV went through a 10-min spontaneous activity imaging session followed by three imaging sessions

where stimulus-evoked responses were recorded. Stimuli consisted of an electrical foot shock directly applied to the hind paw (FS;

10mA, 50ms), an air puff blown 1 cm from the eye (AP; 20 PSI, 500ms), and burst of white noise through a loudspeaker (WN; 75 dB, 1

s), each being individually administered every 20 s for 10 min. Both FS and AP were delivered contralaterally to the imaged hemi-

sphere (and ipsilaterally to the CFA- or saline-injected hind paw). Time series recorded from each FOV were motion corrected

with the NoRMCorre algorithm,69 and then regions of interest (ROIs) were manually selected over active neuronal somata identified

from the time series’ cross-correlated projections. To measure relative fluorescence changes (DF=F0), a running-window average of

the eighth percentile fluorescence values over an interval 40 times larger than GCaMP6f0s decay time constant was used to estimate

the baseline fluorescence F0
71. Calcium transients were detected with a continuous wavelet transform-guided event-detection algo-

rithm, and the underlying spike trains were inferred using the OASIS toolbox inMATLAB.72 A logistic regression classifier was used to

identify stimulus-responsive neurons. In each trial (30 for each stimulus), the inferred spikes were binned and compared to a boot-

strapped distribution in order to evaluate significant neuronal activations, and to determine peak activity latencies and response du-

rations. Stimulus responsiveness was then determined based on the area under the precision-recall curve given by the classifier.

Calcium responses were quantified as the area under the curve (AUC) of the DF=F0 traces within 5 s from stimulus onset, or during

the whole 10 min of recording for spontaneous activity sessions. To compare changes from pre-stimulus baseline activity across

neurons and conditions,DF=F0 signals were Z score normalized in activity heatmaps and example traces. When recording claustrum

neurons across multiple days, the same FOVs were imaged to follow the dynamic changes in stimulus-selectivity within each animal.

For chemogenetic experiments, basal spontaneous and stimulus-evoked sessions were acquired before an i.p. injection of 2 mg/kg

CNO or saline. Fifteen minutes later, all sessions were acquired a second time to examine the average neuronal activity change for

each neuron with the formula activity change = 100 � ðAUCpost � AUCpreÞ=AUCpre, where AUCpre and AUCpost represent the cal-

cium activity during baseline and post-injection recording sessions, respectively.

Electrophysiology
Coronal brain sections (300 mm) were cut on a vibratome in an ice-cold slicing solution containing, in mM: 65 NaCl, 2.5 KCl, 25

NaHCO3, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 25 glucose, and 105 sucrose. ACC and claustrum-containing slices (1.1–0.2 mm ante-

rior to bregma) were transferred to a recovery chamber filled with 30�C warm artificial cerebrospinal fluid (aCSF) containing, in mM:

125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, and 25 glucose. After a 20-min incubation at 30�C, slices were

allowed to reach room temperature and recover for at least 30 min before being transferred to the recording chamber, superfused

with 30�C aCSF at a [2 mL/min] flow. All solutions used were constantly bubbled with a gas mixture of 95% O2 and 5% CO2. Whole-

cell patch clamp recordings were performed using heat-pulled borosilicate glass pipettes with a tip resistance of 4–7MU. For current

clamp experiments, the internal solution contained, in mM: 130 K-gluconate, 5 KCl, 10 Na-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP,

and 10HEPES. Voltage clamp experiments were performedwith an internal solution containing, inmM: 125 gluconic acid, 130CsOH,

5 CsCl, 10 Na-phosphocreatine, 4, Mg-ATP, 0.3 Na-GTP, 10 HEPES, 0.1 spermine, and 5 QX-314. All internal solutions also con-

tained 2 mg/mL biocytin for post hoc neuronal reconstruction. Neurons were visualized through an IR CCD camera mounted on a

Leica DM LFSA microscope equipped with LEDs for fluorophore excitation, optical ChR2 stimulation, and infrared sample illumina-

tion (Thorlabs). Currents were filtered at 5 kHz and amplified, then digitized at 10 kHz and stored on a computer. Custom-made Igor

Pro procedures (WaveMetrics) were used for all data acquisition and analysis. For the ex vivo validation of chemogenetic experi-

ments, 10 mM CNO was added to the aCSF. To confirm the monosynaptic nature of claustrum-ACC connections, action poten-

tial-dependent transmission was abolished with 1mM TTX, and ChR2-induced depolarization broadened with 0.5 mM 4-AP.26

GABAA-mediated transmission was blocked with 10 mM gabazine, whereas AMPA and NMDA receptors were blocked with

10 mMCNQX and 50 mMAP5, respectively. All compounds were bath-applied for at least 10 min before assessing drug effects. Dur-

ing current clamp experiments, series of increasing (0–1 nA), 500-ms long current steps were delivered to determine the neuronal

input-output function as a measure of intrinsic excitability. In voltage clamp experiments, ChR2 was stimulated with 5-ms blue light

pulses delivered through the microscope objective by a 470 nm LED. All currents were analyzed from the average of at least 20

consecutive traces, each being recorded every 10 s. To record GABAA-mediated currents, neurons were recorded at 0 mV and

IPSCs were obtained from digital subtraction of the gabazine-resistant traces. Similarly, NMDA traces were obtained by subtracting

the AP5-resistant traces from the currents recorded at +40mV. A threshold of four standard deviations from baseline noise was used

to determine the postsynaptic current onset (relative to optical stimulation). To assess changes in short term plasticity, paired pulses

were delivered at 20Hz, and the peak of the second current divided by the first to obtain the paired-pulse ratio. To evaluate the degree

AMPA receptor rectification, EPSCs were recorded in 10 mM gabazine and 50 mM AP5 at +40, 0, and �70 mV, and their rectification

index was calculated as the ratio of the chord conductances measured at negative and positive potentials. To gauge NMDA subunit

changes, weighted decay time constants of isolated NMDA-mediated currents were calculated from their peak-normalized area un-

der the curve, from peak to 90% current decay.73 Average numbers and conductances of open synaptic AMPA channels were
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estimated with a nonstationary fluctuation analysis,27 whereby individual EPSC traces were peak scaled to their mean current, and

their variance around the mean during the decay phase was binned and plotted against the mean current amplitude. The resulting

parabolic relationship was fitted by the equation: s2 = iI � I2=N+b , where s2 is the variance around the mean current, b is the back-

ground variance, I is the mean current, N is the estimated number of open channels at peak current, and i is the estimated unitary

channel current. The corresponding unitary channel conductance (g) was then retrieved from the relationship g = i=DV, where

DV = holding potential � reversal potential.

Histology
Mice used for in vivo imaging and behavioral experiments were terminally anesthetized with a saline mixture of 200 mg/kg ketamine

and 20 mg/kg xylazine before being transcardially perfused with 0.1 M PBS followed by 4% paraformaldehyde (PFA). Brains were

removed, postfixed in 4% PFA and then cut in 100 mm-thick sections on a vibratome. Slices were then mounted on glass slides

with an antifading mounting medium (Enzo) and injection sites, viral expression, and implant locations were examined on a Leica

M205 FCA stereomicroscope. At the end of ex vivo patch clamp experiments, the recording pipette was slowly retracted, and the

brain slice was fixed in 4% PFA at 4�C overnight for reconstruction. After washing the slices with PBS (33 for 10 min), they were per-

meabilized 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; Thermo Fisher) in PBS containing 1% Triton X-100 depending on the fluorescence tag. After washing with PBS (33

for 10 min), the processed slices were embedded in custom-made antifade based on Mowiol (Sigma Aldrich) on microscopy slides.

For morphological reconstruction, fluorescently labeled cells were imaged using a confocal microscope (Leica Microsystems, SP8)

equippedwith awhite-light laser and twoGaAsP-detectors (HyD). Imagingwas performedwith a 203 objective (LeicaMicrosystems,

HC PL APO, 203, NA 0.75 IMM CORR CS2).74,75

QUANTIFICATION AND STATISTICAL ANALYSIS

All data was presented asmean ± s.e.m. or as boxplots representing themedian, interquartile range, andwhiskers delimiting the 10th

and 90th percentiles. Differences between groups were evaluated as reported in the figure legends using GraphPad Prism software

and were considered statistically significant for p < 0.05.
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