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SUMMARY

The claustrum (CLA) is a thin and elongated brain structure that is located between the insula and lateral stria

tum and is implicated in a wide range of behaviors. It is characterized by its extensive synaptic connectivity 

with multiple cortical regions. While CLA projection neurons are glutamatergic, several studies have shown 

an inhibitory impact of CLA on its cortical targets, suggesting the involvement of inhibitory cortical interneu

rons. We employed both in vivo and ex vivo electrophysiology and optogenetics in mice to dissect the synaptic 

organization of projections from the CLA to the anterior cingulate cortex (ACC), a robust claustro-cortical 

pathway implicated in cognitive functions. Optogenetic stimulation of CLA neurons expressing calcium/ 

calmodulin-dependent protein kinase II alpha (CaMKIIa) or vesicular glutamate transporter-2 (VGLUT2) 

evoked distinct multiphasic excitatory and inhibitory responses in the ACC that depended on the stimulated 

CLA neuron population and the recipient layer in the ACC. Stimulation of CLA-ACC axons evoked monosyn

aptic responses in pyramidal neurons and four types of molecularly defined interneurons. Synaptic responses 

were uniquely determined by the presynaptic CLA projection type, the recipient cortical layer, and the type of 

postsynaptic neuron, with interneurons displaying the highest specificity. This intricate organization of the 

CLA-ACC pathway explains the diverse and complex influence of CLA on cortical activity.

INTRODUCTION

The claustrum (CLA) is a brain structure located between the in

sula and striatum, which is highly interconnected with different 

cortical1–22 and subcortical9,22–28 brain regions. The extensive 

claustro-cortical connectivity has led to numerous hypotheses 

regarding its function.10,29–39 The CLA has been suggested to 

be involved in sensorimotor functions,40,41 salience report

ing,10,11,42–44 memory consolidation,45 pain mediation,36–38,46,47

attention,48–50 regulation of cortical sleep waves,27,39,51–54 and 

impulse control.55 Central to these various functions is the dense 

connectivity with prefrontal cortical regions, in particular the 

anterior cingulate cortex (ACC).11,18,20,21 The CLA and ACC are 

reciprocally connected,11,49 with a robust CLA-ACC projection 

consisting of several types of presynaptic CLA neurons.10,48,56

Projections from CLA are glutamatergic, yet the net effect 

of CLA on targeted cortical regions is predominantly reported 

to be inhibitory.27,45,48,57–62 Other work, however, showed that 

activation of specific CLA neurons expressing the vesicular 

glutamate transporter-2 (VGLUT2) increased neuronal activity 

in the prefrontal cortex,50 suggesting that the impact of CLA 

on its cortical targets depends on the type of projection 

neurons. Indeed, CLA neurons are heterogeneous, containing 

subtypes expressing different electrophysiological10,19,21,63

and molecular48,56,64 properties, even among CLA neurons pro

jecting to the same region.10,11 Another factor that may 

contribute to the complex impact of CLA on its cortical targets 

is the specific connectivity with cortical GABAergic interneu

rons,57,65,66 which are instrumental in shaping cortical activ

ity.67–72 Despite the major functional role assigned to the CLA- 

ACC pathway, very little is known about its synaptic organization 

and the properties of its pre- and postsynaptic neurons.

Here, we combined in vivo multiunit recordings in awake mice, 

ex vivo whole-cell recordings, optogenetics, and pharmacology 

to chart the detailed synaptic organization of the CLA-ACC 

pathway. We show that CLA photostimulation in awake mice 

produces diverse responses in the ACC with both excitation 

and inhibition, depending on the identity of the presynaptic 

CLA neuron type. Using ex vivo whole-cell recordings, we 

then show that cortical pyramidal neurons and GABAergic inter

neurons, including parvalbumin (PV)-, somatostatin (SOM)-, 

5HT3a-, and neuropeptide-Y (NPY)-expressing interneurons, 

receive distinct synaptic input from the CLA.

Our results show that the synaptic connectivity from the CLA 

to the ACC is intricately organized according to the identities of 

pre- and postsynaptic neurons and their cortical laminar 
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Figure 1. Activation of CLA-ACC neurons affects cortical activity in the ACC in vivo 

(A) In vivo recordings performed in the mouse ACC with high-density silicon probes. 

(B) Schematic of the 32-channel silicon probe (NeuroNexus A32-Poly 2). 

(legend continued on next page) 
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locations. This precise synaptic organization of the CLA-ACC 

pathway explains the diversity observed in the functional impact 

of CLA on cortical dynamics.

RESULTS

In vivo activation of CLA induces multiphasic responses 

in the ACC

To characterize the impact of CLA projections on the ACC, we 

first recorded local field potentials (LFPs) in layers 2/3 and 5/6 

of the ACC during optogenetic stimulation of CLA in awake, 

head-restrained mice (Figures 1A and 1B). Channelrhodopsin2 

(ChR2) was expressed in CLA neurons using either a broad- 

acting promoter in calcium/calmodulin-dependent protein ki

nase II alpha (CaMKIIa)-expressing neurons (Figures 1C, 1E, 

and S1) or a specific Cre-dependent promoter only in 

VGLUT2-expressing neurons (STAR Methods; Figures 1C, 1E, 

and 1F). Whereas VGLUT2-expressing neurons constitute a spe

cific subpopulation within CLA projection neurons,48,50,56

CaMKIIa labels the vast majority of excitatory CLA neu

rons.37,73,74 In situ hybridization revealed that 70% of claustral 

neurons expressed CaMKIIa, 26% expressed VGLUT2, and 

35% of CaMKIIa-positive neurons also co-expressed VGLUT2, 

accounting for 24% of all claustral neurons (Figure S2). We first 

analyzed the population response in the ACC using the LFP 

evoked by optogenetic stimulation of CLA neurons. Photostimu

lation of CLA neurons of either population with a light pulse (5 ms 

duration) evoked multiphasic LFP responses in the ACC 

(Figures 1G and 1H). Responses were larger in the VGLUT2 

population than in the CaMKIIa group both in supragranular 

(Figures 1I and 1J) and infragranular ACC layers (Figures 1K 

and 1L). Moreover, stimulation of the VGLUT2 population evoked 

an increase in alpha band power (8–12 Hz) in layer 2/3 that was 

not observed in either layer 5/6 or after broad activation of the 

CaMKIIa population (Figures 1I, 1K, 1M–1P, and S3). No LFP re

sponses to photostimulation were observed in control experi

ments where ChR2 was not injected into the CLA (Figure S4). 

These results show that the activation of different subpopula

tions of CLA-ACC neurons induces distinct combinations of 

excitatory and inhibitory responses throughout the ACC.

Infragranular ACC neurons are strongly inhibited by 

VGLUT2 but not CaMKIIa-CLA projection neurons

The multiphasic LFP responses suggested that excitatory and 

inhibitory ACC neurons are dynamically and differentially 

affected by CLA activation. We therefore analyzed responses 

at the cellular level by isolating the spiking activity of multiple 

ACC neurons (Figure 2A). To that end, we performed spike sort

ing of recordings obtained from the ACC, thus recovering hun

dreds of well-isolated units (STAR Methods, Figure 2A; in CaM

KIIa experiments, we obtained 311 units from layer 2/3 and 77 

units from layer 5/6, from 35 mice. In VGLUT2 experiments, we 

obtained 142 units from layer 2/3 and 68 units from layer 5/6 

from 21 mice). Following waveform classification, two main 

groups of neurons were defined: fast-spiking neurons (FS), char

acterized by narrow spikes (<0.5 ms) and mean firing frequency 

of 14.48 ± 1.14 Hz, and regular spiking (RS) neurons, character

ized by wider spikes (>0.7 ms) and mean firing frequency of 

5.13 ± 0.23 Hz (Figures 2B and 2C). Previous research has indi

cated that cortical FS neurons are primarily PV-expressing 

(C) Illustration depicting experimental paradigm. Briefly, ChR2 driven by the CaMKIIa promoter (or VGLUT2-Cre) was expressed by injecting an anterograde viral 

vector into the CLA of different transgenic mouse lines with fluorescent reporters to identify interneuron populations. For VGLUT2-Cre mice, ChR2 was injected 

using an anterograde Cre-dependent virus. On the day of the recording, an optic fiber was implanted on top of the CLA. 

(D) Electrophysiological recordings were performed in layer 2/3 or layer 5/6 in the ACC. 

(E) Confocal image of a 250 μm experimental slice in a PV-tdTomato mouse, with a close-up in the CLA (left) and the ACC region (right) showing YFP expression in 

the CLA and fibers in the ipsilateral ACC but not contralateral ACC. In red, the optic fiber (left) and the silicon probe (right) are indicated. 

(F) Confocal image of a 250 μm experimental slice in a VGLUT2 mouse, with a close-up in the CLA (left) and the ACC region (right) showing YFP expression in the 

CLA and fibers in the ipsilateral ACC but not contralateral ACC. 

(G) Heatmap showing 150 repetitions of LFP responses in the ACC layer 2/3 to 5 ms photostimulation of CLA neuron subpopulations expressing CaMKIIa (left) or 

VGLUT2 (right). 

(H) Same as in (G) but for layer 5/6. 

(I) Grand average of the LFP responses in the ACC layer 2/3 to 5 ms photostimulation of CLA neurons driven by a CaMKIIa promoter (blue trace) or VGLUT2 

subpopulation (red trace). 

(J) The different excitations and inhibitions are marked as p1, p2, p3, and p4. CaMKIIap1 in 2/3 = 0.30 ± 0.08, VGLUT2p1 in 2/3 = 1.65 ± 0.12, ***p < 0.001; 

CaMKIIap2 in 2/3 = − 0.71 ± 0.03, VGLUT2p2 in 2/3 = − 1.81 ± 0.09, ***p < 0.001; CaMKIIap3 in 2/3 = 1.63 ± 0.21, VGLUT2p3 in 2/3 = 2.03 ± 0.22, p > 0.05; CaMKIIap4 

in 2/3 = − 1.59 ± 0.04, VGLUT2p4 in 2/3 = − 1.49 ± 0.14, p > 0.05; two-way ANOVA test. 

(K) Same as in (I) but for layer 5/6. 

(L) Same as in (J) but for layer 5/6. CaMKIIap1 in 5/6 = 0.58 ± 0.14, VGLUT2p1 in 5/6 = 1.67 ± 0.15, ***p < 0.001; CaMKIIap2 in 5/6 = − 1.03 ± 0.09, VGLUT2p2 in 

5/6 = − 1.70 ± 0.22, *p = 0.038; CaMKIIap3 in 5/6 = 1.70 ± 0.25, VGLUT2p3 in 5/6 = 1.92 ± 0.06, p > 0.05; CaMKIIap4 in 5/6 = − 1.55 ± 0.22, VGLUT2p4 in 

5/6 = − 2.00 ± 0.16, p > 0.05; two-way ANOVA test. 

(M) Power spectrum analysis of the oscillations evoked in the ACC after 5 ms photostimulation of CLA neurons driven by a CaMKIIa promoter (blue line) or 

VGLUT2 subpopulation (red line). 

(N) Area under the curve (AUC) of the oscillations evoked in the ACC after 5 ms photostimulation of CLA neurons driven by a CaMKIIa promoter (blue line) or 

VGLUT2 subpopulation (red line). CaMKIIa(1–4 Hz) in 2/3 = 12.96 ± 1.59, VGLUT2(1–4 Hz) in 2/3 = 12.22 ± 2.22, p > 0.05; CaMKIIa(4–8 Hz) in 2/3 = 5.92 ± 0.72, 

VGLUT2(4–8 Hz) in 2/3 = 5.08 ± 0.74, p > 0.05; CaMKIIa(8–12 Hz) in 2/3 = 2.95 ± 0.42, VGLUT2(8–12 Hz) in 2/3 = 6.05 ± 0.17, *p < 0.040; CaMKIIa(12–25 Hz) in 2/3 = 3.18 ± 

0.31, VGLUT2(12–25 Hz) in 2/3 = 11.62 ± 1.00, ***p < 0.001; two-way ANOVA test. 

(O and P) Same as in (M) and (N) but for layer 5/6. CaMKIIa(1–4 Hz) in 5/6 = 13.94 ± 2.42, VGLUT2(1–4 Hz) in 5/6 = 16.30 ± 1.23, p > 0.05; CaMKIIa(4–8 Hz) in 5/6 = 6.50 ± 

1.10, VGLUT2(4–8 Hz) in 5/6 = 7.77 ± 0.71, p > 0.05; CaMKIIa(8–12 Hz) in 5/6 = 3.47 ± 0.53, VGLUT2(8–12 Hz) in 5/6 = 5.17 ± 0.60, p > 0.05; CaMKIIa(12–25 Hz) in 5/6 = 

5.29 ± 0.54, VGLUT2(12–25 Hz) in 5/6 = 10.12 ± 1.00, *p = 0.023; two-way ANOVA test. 

Data are presented as mean value ± SEM. n = 6 mice for each group. 

See also Figures S1, S2, S3, and S4.
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inhibitory interneurons, while RS neurons are likely to be a het

erogeneous group that includes mostly pyramidal neurons, as 

well as other types of interneurons.75

To evaluate whether CaMKIIa and VGLUT2 CLA-ACC popula

tions recruit FS and RS neurons to similar extents, we analyzed 

all the sorted single units in the ACC and their responses to CLA 

B

E

G

A

H

F

C D

Figure 2. ACC neurons can be excited or inhibited by broad CLA neuron activation or selective VGLUT2 CLA neuron excitation 

(A) Schematic of the 32-channel silicon probe (NeuroNexus A32-Poly 2). Representative in vivo recording performed in the mouse ACC with high-density 

32-channel silicon probes. 

(B) Examples of RS (gray trace) and FS (red trace) well-isolated units in the ACC. 

(C) Histogram showing the distribution of the firing rate (top panel) and spike width (bottom panel) of all well-identified units in the ACC. Mean firing frequency for 

FS = 14.48 ± 1.14 Hz (n = 139) and for RS = 5.13 ± 0.23 Hz (n = 459; ***p < 0.001; Mann-Whitney test). 

(D) Percentage of RS (gray bar) and FS (red bar) for each group (CaMKIIa and VGLUT2) in the different layers. 

(E) Heatmap showing the responses of all well-isolated units recorded in the ACC layer 2/3 to 5 ms photostimulation of CLA neurons driven by a CaMKIIa promoter 

(left panel). Raster plots of example units showing excitation (middle-left panels) or inhibition (middle-right panels) for FS and RS. Proportion of RS and FS that are 

excited (red), inhibited (dark blue), or not modulated (light blue) in the ACC after photostimulation of the CLA neurons driven by the CaMKIIa promoter (right 

panels). 

(F) Same as in (E) but for responses of well-isolated units recorded in the ACC layer 2/3 to 5 ms photostimulation of CLA neurons driven by the VGLUT2 promoter. 

(G) Same as in (E) but for layer 5/6. 

(H) Same as in (F) but for layer 5/6. 

Data are presented as mean value ± SEM. 

See also Figures S1–S3 and S5 and Table S1.
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Figure 3. CLA projections selectively target interneuron populations 

(A) Illustration depicting experimental paradigm. Briefly, ChR2 was injected using an anterograde viral vector into the CLA (100 nL, 300 nL/min) into different 

transgenic mouse lines with fluorescent reporters to identify interneuron populations. Paired whole-cell patch-clamp recordings were made in the ACC, and CLA 

axons were photostimulated to investigate postsynaptic responses. Differential interference contrast (DIC) image of paired recordings of an interneuron and a 

putative pyramidal neuron. 

(B) Postsynaptic responses recorded in a layer 5/6 neuron in the presence of gabazine. The postsynaptic response was subsequently removed on bath 

application of TTX and recovered with TTX and 4AP, confirming that the input was monosynaptic. The subsequent postsynaptic response is abolished with AMPA 

and NMDA receptor antagonists, NBQX and APV, confirming that the input is excitatory. 

(C) Illustration of paired recordings of PV interneurons and pyramidal neurons. Confocal image of the ACC shows that PV interneurons are in layers 2/3 and 5/6 of 

the ACC. A total of 75 PV interneurons (n = 42 in layer 2/3, n = 33 in layer 5/6) were studied. Example trace of a PV interneuron. Representative postsynaptic 

responses in paired recordings between PV (orange trace) and pyramidal neuron populations (black trace). 69% of all recorded PV neurons were found to be 

responsive. 

(D) SOM: confocal image of the ACC shows that SOM interneurons are in layers 2/3 and 5/6 with neurites in layer 1. A total of 48 SOM interneurons (n = 1 in layer 1, 

n = 14 in layer 2/3, n = 33 in layer 5/6) were studied. Example trace of a SOM interneuron. Representative postsynaptic responses in paired recordings between 

SOM (purple trace) and pyramidal neuron populations (black trace). 35% of all recorded SOM neurons were found to be responsive. 

(legend continued on next page) 
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photostimulation (the first 30 ms after a 5 ms light pulse). The ma

jority of units under all conditions were RS (76% on average, 

Figures 2C and 2D). The modulation of ACC units was diverse, 

with excitatory and inhibitory responses observed in both RS 

and FS units (Figures 2E–2H). In layer 2/3, activation of CLA- 

CaMKIIa neurons excited a small fraction of FS units, while 

most other units were either inhibited or not affected 

(Figure 2E; Table S1). Photostimulation of the CLA-VGLUT2 pop

ulation resulted in a similar pattern, with a minority of excited 

units and a large fraction of inhibited or unaffected units 

(Figure 2F; Table S1). Thus, activation of either CaMKIIa or 

VGLUT2 CLA neurons induces an overall suppression of 

neuronal activity in superficial ACC layers. In layer 5/6, photosti

mulation of CaMKIIa-expressing CLA neurons evoked a similar 

response as in layer 2/3, with most (82%) recorded units unaf

fected and the rest inhibited (12%) or excited (6%, Figure 2G; 

Table S1). By sharp contrast, stimulation of the CLA-VGLUT2 

population evoked responses in a majority of layer 5/6 ACC 

units, with FS units mainly excited and RS units inhibited 

(Figure 2H; Table S1). The dominant feature in ACC modulation 

following CLA optogenetic stimulation is inhibition, as reflected 

by decreases in the firing rates of recorded units (Figures S5A– 

S5C). One exception is the infragranular FS population, which 

had a positive modulation index for both VGLUT2 and CaMKIIa 

stimulation when considering a narrower temporal window of 

30 ms following stimulation (Figure S5D).

Taken together, our data show that activation of CLA neurons 

results in a complex pattern of inhibition and excitation of ACC 

neurons that depends on the presynaptic CLA projection popu

lation, the receiving ACC layer, and cortical cell type.

CLA provides excitatory monosynaptic input to ACC 

pyramidal neurons and interneurons

To understand the synaptic organization underlying the above 

in vivo response patterns, we obtained whole-cell patch-clamp 

recordings from identified pyramidal neurons and GABAergic in

terneurons and optogenetically stimulated CLA-ACC synaptic 

terminals (STAR Methods, Figure 3). In a subset of experiments, 

interneurons were patched simultaneously with a neighboring 

pyramidal neuron, enabling a direct comparison of synaptic re

sponses under identical experimental conditions.

As in in vivo experiments, anterograde ChR2 virus driven by a 

CaMKIIa promoter was injected into the CLA in different trans

genic mouse lines, and cortical slices were prepared at least 

21 days after viral injection (Figures 3A and S6A). To prevent 

feedforward inhibitory activity,57 the GABAA receptor blocker ga

bazine (10 μM) was included in the bath solution. A subset of 

light-responsive neurons was tested to confirm that the re

sponses were monosynaptic by bath application of tetrodotoxin 

(TTX, 1 μM) followed by application of 4-aminopyridine (4-AP, 

100 μM; Figures 3B and S6B).76 Postsynaptic responses were 

also abolished after bath application of the glutamatergic synap

tic blockers APV and NBQX (Figures 3B and S6B), indicating that 

responses were monosynaptic and excitatory. Neurons were 

filled with neurobiotin during recordings, stained, and compared 

post hoc with the Allen Institute Reference Atlas77 to verify the 

cortical laminar position (Figure S6C).

Three main populations account for the majority of GABAergic 

interneurons in the cortex: PV, SOM, and 5HT3a-expressing in

terneurons.67,78 PV interneurons facilitate feedforward inhibi

tion71 and control of excitatory and inhibitory balance within 

the cortex.68,69 SOM interneurons receive facilitating excitation 

from cortical pyramidal neurons, target the dendrites of pyrami

dal neurons, and suppress the activity of other interneurons.72

5HT3a neurons receive thalamocortical input and mainly inhibit 

superficial layers of the cortex.70 NPY interneurons constitute a 

population with reported overlap with both 5HT3a and SOM in

terneurons70,78–80 and were previously suggested to play 

an important role in claustro-cortical feedforward inhibition.57

All interneuron classes received CLA input, albeit with different 

probabilities. Most PV interneurons (69%, n = 52/75, 

Figure 3C), about one-third of SOM interneurons (35%, n = 17/ 

48, Figure 3D), most 5HT3a interneurons (58%, n = 36/62, 

Figure 3E), and a large majority of NPY interneurons (77%, 

n = 51/66, Figure 3F) received CLA input. The majority of ACC py

ramidal neurons also responded to photostimulation of CLA ter

minals (66%, n = 182/275).

In summary, we found that the CLA provides monosynaptic 

excitatory input to all tested neuron classes in the ipsilateral 

ACC, including pyramidal neurons and molecularly defined inter

neuron types.

CLA projections to different ACC interneurons display 

distinct connectivity profiles

While the CLA provides widespread excitatory input to the ACC, 

the functional impact of this connectivity depends on the specific 

laminar distribution and synaptic properties of these projections. 

We, therefore, characterized CLA-ACC synaptic responses to 

different neuron types according to their laminar position within 

the ACC. We used paired whole-cell recordings to record synap

tic responses in molecularly identified interneurons and neigh

boring pyramidal neurons in different layers of the ACC. While 

similar proportions of PV interneurons in ACC layers 2/3 

and 5/6 received CLA input (Figure 4A), differences were seen 

in the properties of their excitatory postsynaptic potentials 

(EPSPs) in response to CLA axon photostimulation (Figure 4B). 

In addition to the amplitudes of EPSPs, we also analyzed their 

rising slopes, as they reflect differences in the somato-dendritic 

position of activated synapses. PV interneurons in layer 2/3 had 

similar EPSP rising slopes compared with pyramidal neurons in 

(E) 5HT3a: confocal image of the ACC shows that 5HT3a interneurons are located mostly in layers 1 and 2/3 with sparse labeling in layer 5/6. A total of 62 5HT3a 

interneurons (n = 19 in layer 1, n = 27 in layer 2/3, n = 16 in layer 5/6) were studied. Example trace from a 5HT3a interneuron. Representative postsynaptic 

responses in paired recordings between 5HT3a (brown trace) and pyramidal neuron populations (black trace). 58% of all recorded 5HT3a neurons were found to 

be responsive. 

(F) NPY: confocal image of the ACC shows that NPY interneurons are in layers 1 and 2/3 with heavy labeling in layer 5/6. A total of 66 NPY interneurons (n = 10 in 

layer 1, n = 27 in layer 2/3, n = 29 in layer 5/6) were studied. Example trace from an NPY interneuron. Representative postsynaptic responses between NPY 

(magenta trace) and pyramidal neuron populations (black trace). 77% of all recorded NPY neurons were found to be responsive. 

See also Figures S1, S2, S6, and S8.
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the same layer but larger rising slopes in layer 5/6 (Figure 4C). In 

the same line, EPSP amplitudes in layer 2/3 PV interneurons 

were not significantly different from amplitudes in pyramidal neu

rons but had significantly larger amplitudes in layer 5/6 

(Figure 4D). In summary, CLA targets PV interneurons in both su

pra- and infragranular layers of the ACC; however, responses are 

stronger in infragranular PV interneurons.

To determine whether this laminar specificity extended to 

other interneuron populations, we next examined CLA-evoked 

responses in NPY-expressing interneurons. A large proportion 

of NPY interneurons responded to photostimulation of CLA pro

jections in both infragranular and supragranular ACC layers 

(Figures 4E and 4F), including layer 1 (Figures S7A and S7B). 

NPY interneurons responded to CLA input with similar EPSP 

slopes and amplitudes as neighboring pyramidal neurons 

(Figures 4G and 4H).

While PV and NPY interneurons in both supra- and infragranu

lar layers of the ACC receive robust CLA input, a different profile 

was observed in 5HT3a interneurons. Both layer 2/3 and layer 

5/6 5HT3a interneurons received CLA input, although, in contrast 

with PV and NPY interneurons, there was a clear preference of 

layer 2/3, with only 13% (n = 2/16) of 5HT3a interneurons in layer 

5/6 responding to photostimulation (Figures 5A and 5B). In addi

tion, 5HT3a neurons in layer 1 also responded to CLA photosti

mulation (Figures S7A and S7B). Simultaneous recordings of 

neighboring 5HT3a interneurons and pyramidal neurons in 

ACC layer 2/3 confirmed that both cell types responded to 

CLA-ACC photostimulation with comparable EPSP slopes and 

amplitudes (Figures 5C and 5D, right).

A distinct pattern of input was identified when we analyzed the 

projections from CLA to SOM interneurons. Photostimulation 

of CLA-ACC terminals evoked robust responses in SOM inter

neurons primarily in infragranular ACC layers (Figures 5E and 

5F), with SOM interneurons and pyramidal neurons sharing 

similar EPSP slopes and amplitudes (Figures 5G and 5H). In layer 

2/3, only 1 out of 14 (7%) SOM interneurons responded to photo

stimulation, compared with 67% (n = 8/12) of pyramidal neurons 

under the same conditions (Figure 5E). Our data show that the 

CLA provides only sparse inputs to superficial SOM interneurons 

and preferentially targets SOM interneurons in the infragranu

lar ACC.

In conclusion, although the CLA provides direct monosynaptic 

input to all neuron types tested in the ACC, the connection prob

ability and relative amplitudes depend on both the postsynaptic 

neuron type and the cortical layer.

VGLUT2-expressing CLA-ACC neurons selectively 

target supragranular pyramidal neurons

Recent studies suggest that VGLUT2 is a selective marker for 

CLA projection neurons.50,81 To investigate how this specific 

CLA projection population targets the ACC, Cre-dependent 

ChR2 virus was injected into the CLA region, and red retrograde 

fluorescent beads were injected into the ACC of VGLUT2-Cre 

transgenic mice (Figure 6A; STAR Methods). Fluorescent ChR2 

fibers were observed in the ipsilateral ACC, and retrobeads 

were observed in VGLUT2-expressing CLA neurons (RetroBead

+/VGLUT2+, Figure 6A) as well as in neurons that did not express 

VGLUT2 (RetroBead+/VGLUT2− , Figure 6A), suggesting that 

Figure 4. CLA inputs evoke layer-dependent activation in PV interneurons, while NPY interneurons respond similarly across layers in 

the ACC 

(A) Illustration of the experimental paradigm: simultaneous whole-cell patch-clamp recordings were made from neighboring PV interneurons and pyramidal 

neurons and subsequently photostimulated at 10 Hz. 74% (31/42 neurons) of PV neurons and 73% (41/56 neurons) of pyramidal neurons recorded in layer 

2/3 responded to photostimulation. 64% (21/33 neurons) of PV neurons and 58% (33/57 neurons) of pyramidal neurons recorded in layer 5/6 responded to 

photostimulation. 

(B) Representative EPSP traces from simultaneously recorded neighboring PV and pyramidal neurons in response to stimulation of CLA projections (dark orange: 

layer 2/3 PV; light orange: layer 5/6 PV; black: pyramidal neurons) at a frequency of 10 Hz. 

(C) The activation of CaMKIIa-CLA neurons produced steeper depolarization in layer 5/6 PV interneurons compared with layer 2/3 PV interneurons (layer 2/3, PV: 

1.52 ± 0.37 mV/ms; layer 5/6, PV: 3.35 ± 0.62 mV/ms; **p < 0.002, two-way ANOVA test) and pyramidal neurons (layer 5/6 Pyr: 0.48 ± 0.07 mV/ms vs. PV: 3.35 ± 

0.62 mV/ms; ***p < 0.001, two-way ANOVA test) at the population level. This result was confirmed in simultaneously recorded neighboring PV and pyramidal 

neurons (layer 5/6 Pyr: 0.36 ± 0.12 mV/ms vs. PV: 1.50 ± 0.36 mV/ms; *p = 0.016, paired t test). In layer 2/3, no differences were observed when comparing PV and 

pyramidal neurons (Pyr: 0.95 ± 0.19 mV/ms vs. PV: 1.52 ± 0.37 mV/ms; p > 0.05, two-way ANOVA test) either at the population level or in simultaneously recorded 

neurons (Pyr: 0.98 ± 0.37 mV/ms vs. PV: 0.70 ± 0.18 mV/ms; p > 0.05, paired t test). 

(D) The activation of CaMKIIa-CLA neurons produced larger EPSPs in layer 5/6 PV interneurons compared with layer 2/3 PV interneurons (layer 2/3 PV: 5.10 ± 

0.88 mV/ms, layer 5/6 PV: 9.12 ± 1.34 mV/ms; *p < 0.023, two-way ANOVA test) and pyramidal neurons (layer 5/6 Pyr: 2.81 ± 0.38 mV/ms vs. PVL5/6: 9.12 ± 

1.34 mV/ms; ***p < 0.001, two-way ANOVA test) at the population level. This result was confirmed in simultaneously recorded neighboring PV and pyramidal 

neurons (layer 2/3, Pyr: 5.84 ± 2.08 mV vs. PV: 3.87 ± 0.92 mV; p > 0.05; layer 5/6 Pyr: 2.68 ± 0.87 mV vs. PV: 7.85 ± 1.58 mV; **p = 0.005, paired t test). 

(E) Illustration of the experimental paradigm in NPY+ reporter mice. 70% (19/27 neurons) of NPY neurons and 69% (24/35 neurons) of pyramidal neurons recorded 

in layer 2/3 responded to photostimulation. 86% (25/29 neurons) of NPY neurons and 67% (20/31 neurons) of pyramidal neurons recorded in layer 5/6 responded 

to photostimulation. 

(F) Representative EPSP traces from simultaneously recorded neighboring NPY and pyramidal neurons in response to stimulation of CLA projections (light pink: 

layer 2/3 NPY; dark pink: layer 5/6 NPY; black: pyramidal neurons) at a frequency of 10 Hz. 

(G) The activation of CaMKIIa-CLA neurons depolarized NPY and pyramidal neurons in layer 2/3 and 5/6, with no significant differences in the depolarization 

speed, as indicated by the slope at the population level (layer 2/3, Pyr: 1.04 ± 0.18 mV/ms, NPY: 1.84 ± 0.49 mV/ms; p > 0.05; layer 5/6, Pyr: 0.93 ± 0.18 mV/ms, 

NPY: 1.27 ± 0.25 mV/ms, p > 0.05, two-way ANOVA test). This result was confirmed in simultaneously recorded neighboring NPY and pyramidal neurons (layer 

2/3, Pyr: 1.45 ± 0.34 mV/ms, NPY: 2.02 ± 0.58 mV/ms, p > 0.05, paired t test; layer 5/6, Pyr: 1.00 ± 0.17 mV/ms, NPY: 1.29 ± 0.22 mV/ms, p > 0.05, paired t test). 

(H) The activation of CaMKIIa-CLA neurons depolarized NPY and pyramidal neurons in layer 2/3 and 5/6, with no significant difference in the EPSP amplitude 

between neurons at the population level (layer 2/3, Pyr: 7.47 ± 1.26 mV, NPY: 8.85 ± 1.83 mV, p > 0.05, two-way ANOVA test; layer 5/6, Pyr: 5.81 ± 0.93 mV, NPY: 

8.23 ± 1.10 mV, p > 0.05, two-way ANOVA test). This result was confirmed in simultaneously recorded neighboring NPY and pyramidal neurons (layer 2/3, Pyr: 

11.07 ± 2.38 mV, NPY: 12.37 ± 2.74 mV, p > 0.05, paired t test; layer 5/6, Pyr: 7.65 ± 1.05 mV, NPY: 10.37 ± 1.55 mV, p > 0.05, paired t test). 

Data are presented as mean value ± SEM. 

See also Figures S1, S7, and S8.
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the CLA-ACC pathway is mediated by both VGLUT2-positive 

and negative projection neurons. Ex vivo whole-cell patch- 

clamp recordings were performed from neurons in the ACC of 

VGLUT2-Cre mice infected with Cre-dependent ChR2 virus in 

CLA. In these experiments, FS interneurons (putative PV ex

pressing) and pyramidal neurons were classified based on their 

morphological and electrophysiological properties (Figures 6B, 

6E, and S8).

In layer 2/3, most pyramidal neurons responded to photosti

mulation of CLA-VGLUT2 axons (82%, n = 28/34) compared 

with FS interneurons (55%, n = 5/9) (Figures 6B–6D). Mark

edly, the opposite was observed in infragranular ACC, with 

only a minority of pyramidal neurons (29%, n = 15/51 neurons) 

but nearly all FS interneurons (89%, n = 8/9) in layer 5/6 re

sponding to photostimulation (Figures 6E–6G). EPSPs in both 

pyramidal neurons and FS interneurons were attenuated in 

the presence of TTX (1 μM) and recovered following the 

administration of 4AP (100 μM, Figure 6H), showing that 

VGLUT2-expressing neurons establish monosynaptic connec

tions onto both populations. In layer 5/6, EPSP slopes in infra

granular FS interneurons were larger than those in neighboring 

pyramidal neurons (Figure 6I). We also found that all neurons 

(undefined type) in layer 1 responded to photostimulation of 

CLA-VGLUT2 terminals (n = 6/6, Figure S7E). In summary, 

these data show that CLA-VGLUT2 projection neurons primar

ily target pyramidal neurons in supragranular layers of the ACC 

while providing robust and fast excitation to infragranular FS 

interneurons.

Taken together, our data reveal a high degree of specificity 

and intricate organization of the CLA-ACC pathway, involving 

different populations of CLA neurons, recipient cortical 

layers, and cortical neuron classes. While all tested ACC 

neuron types received input from CLA, the connection proba

bilities and strengths varied significantly, thus forming the cir

cuit substrate for complex dynamic interactions between these 

two structures.

DISCUSSION

In this study, we used a combination of in vivo and ex vivo elec

trophysiology to reveal the organizing principles, targets, and in

fluence of CLA projections to the ACC. We show that in vivo acti

vation of CLA neurons produces a combination of excitation and 

inhibition that depends on three factors: the identity of the pro

jecting CLA neuron, the targeted ACC layer, and the type of post

synaptic neuron in ACC. Using ex vivo paired whole-cell record

ings, we obtained a detailed mapping of the pathway revealing 

that excitatory monosynaptic CLA projections to ACC targeted 

PV and NPY interneurons in both layers 2/3 and 5/6, while pref

erentially targeting 5HT3a interneurons in the supragranular 

layers and SOM interneurons in the infragranular layers. This 

intricate synaptic organization of the CLA-ACC pathway under

lies the complex dynamics seen in ACC following CLA activation 

and may explain the variability in cortical responses observed in 

previous studies.

Modulation of ACC by broad activation of CLA neurons 

in vivo

The CLA has been reported to exert either excitatory or inhibitory 

effects on different cortical regions.1,18,50,57 Our data and previ

ous studies provide evidence showing that CLA neurons 

target both excitatory and inhibitory neurons within cortical cir

cuits.2,10,57 In addition, the fact that CLA is composed of different 

neuron types indicates that simultaneous activation of all projec

tion neurons may account for the discrepancy observed 

regarding the influence of CLA on cortical processing.11,12,19

Our in vivo LFP recordings show that broad optogenetic activa

tion of CLA neurons expressing ChR2 driven by the CaMKIIa pro

moter evokes brief excitation followed by pronounced inhibition 

in the ACC. This type of response was observed both in layer 2/3 

and layer 5/6 and suggests, as previously reported,18,27,57 that 

CLA provides a ‘‘blanket of inhibition’’ to the ACC. However, 

LFP recordings have proven notoriously difficult to interpret,82–84

Figure 5. CLA projections preferentially target 5HT3a interneurons in superficial layers and SOM interneurons in deep layers 

(A) Illustration of the experimental paradigm in 5HT3a+ reporter mice. 74% (20/27 neurons) of 5HT3a neurons and 71% (22/31 neurons) of pyramidal neurons 

recorded in layer 2/3 responded to photostimulation. 13% (2/16 neurons) of 5HT3a neurons and 60% (9/15 neurons) of pyramidal neurons recorded in layer 5/6 

responded to photostimulation. 

(B) Representative EPSP traces from simultaneously recorded neighboring 5HT3a and pyramidal neurons in response to stimulation of CLA projections (light 

brown: layer 2/3 5HT3a; dark brown: layer 5/6 5HT3a; black: pyramidal neurons) at a frequency of 10 Hz. 

(C) The activation of CaMKIIa-CLA neurons depolarized 5HT3a and pyramidal neurons in layer 2/3 with no significant differences in the depolarization speed, as 

indicated by the slope at the population level (Pyr: 0.93 ± 0.15 mV/ms, 5HT3a: 0.98 ± 0.31 mV/ms; p > 0.05, two-way ANOVA test). This result was confirmed in 

simultaneously recorded neighboring 5HT3a and pyramidal neurons (Pyr: 0.84 ± 0.19 mV/ms, 5HT3a: 0.66 ± 0.23 mV/ms; p > 0.05, paired t test). 

(D) The activation of CaMKIIa-CLA neurons depolarized 5HT3a and pyramidal neurons in layer 2/3 with no significant difference in the EPSP amplitude between 

neurons at the population level (Pyr: 5.66 ± 0.79 mV, 5HT3a: 7.26 ± 2.04 mV; p > 0.05, two-way ANOVA test). This result was confirmed in simultaneously recorded 

neighboring 5HT3a and pyramidal neurons (Pyr: 6.55 ± 1.35 mV, 5HT3a: 5.61 ± 1.57 mV, p > 0.05, paired t test). 

(E) Illustration of the experimental paradigm in SOM+ reporter mice. 7% (1/14 neurons) of SOM neurons and 67% (8/12 neurons) of pyramidal neurons recorded in 

layer 2/3 responded to photostimulation, while 45% (15/33 neurons) of SOM neurons and 67% (14/21 neurons) of pyramidal neurons recorded in layer 5/6 

responded to photostimulation. 

(F) Representative EPSP traces from simultaneously recorded neighboring SOM and pyramidal neurons in response to stimulation of CLA projections (light 

purple: layer 2/3 SOM; dark purple: layer 5/6 SOM; black: pyramidal neurons) at a frequency of 10 Hz. 

(G) The activation of CaMKIIa-CLA neurons depolarized SOM and pyramidal neurons in layer 5/6 with no significant differences in the depolarization speed, as 

indicated by the slope at the population level (Pyr: 1.09 ± 0.26 mV/ms, SOM: 1.86 ± 0.48 mV/ms; p > 0.05, two-way ANOVA test). This result was confirmed in 

simultaneously recorded neighboring SOM and pyramidal neurons (Pyr: 0.76 ± 0.30 mV/ms, SOM: 1.72 ± 0.66 mV/ms; p > 0.05, paired t test). 

(H) The activation of CaMKIIa-CLA neurons depolarized SOM and pyramidal neurons in layer 5/6 with no significant difference in the EPSP amplitude between 

neurons at the population level (Pyr: 6.11 ± 1.43 mV, SOM: 9.81 ± 2.31 mV; p > 0.05, two-way ANOVA test). This result was confirmed in simultaneously recorded 

neighboring SOM and pyramidal neurons (Pyr: 4.96 ± 2.26 mV, SOM: 10.02 ± 3.88 mV; p > 0.05, paired t test). 

Data are presented as mean value ± SEM. 

See also Figures S1, S7, and S8.
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Figure 6. VGLUT2-expressing CLA neurons selectively target pyramidal neurons in the superficial ACC layers while targeting FS neurons in 

the deeper layers 

(A) Top left: illustration of the experimental paradigm. Retrograde fluorescent beads were injected into the ACC, and Cre-dependent ChR2 virus was injected into 

the CLA of VGLUT2-Cre transgenic mice. Whole-cell patch-clamp recordings were made in all layers of the ACC and CLA axons were subsequently photo

stimulated at 10 Hz. Top right: Confocal image of a 250 μm experimental slice, showing injection of red retrograde beads into the ACC and CLA axons expressing 

YFP in the ACC. Bottom left: confocal image of the same 250 μm experimental slice showing VGLUT2 expression and CLA-ACC neurons in the CLA. Bottom right: 

examples of retrogradely labeled CLA-ACC neurons expressing (top row, VGLUT2+) and not expressing VGLUT2 (bottom row, VGLUT2− ). 

(B) A putative pyramidal neuron in ACC layer 2/3 (left, gray trace) showed a broader action potential with a relatively longer spike width compared with an FS 

neuron (putative Pv interneuron, right, orange trace). 

(legend continued on next page) 
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and our analysis of unit recordings showed that CLA photostimu

lation triggered a combination of excitation and inhibition in the 

ACC. In this context, although FS units were more likely to be 

excited than RS ones, we also observed excitation of RS units, 

mainly in deep layers (Figures 2G, 2H, and 2J). On the other 

hand, the proportion of both RS and FS units inhibited after pho

tostimulation of CLA neurons was larger than the excited units, 

especially in supragranular layers (Figure 2J). This inhibition is 

weaker than the near-total and prolonged silence of cortical neu

rons reported previously.27,57 The response of ACC neurons to 

optogenetic activation of CLA projection neurons was often 

multiphasic, consisting of an early and brief increase in firing 

rate, followed by a delayed and longer inhibition (Figure 2). These 

complex responses at different timescales (Figure S5) reflect the 

cortical polysynaptic cascades activated by CLA excitation.

Regarding different presynaptic CLA subpopulations, it has 

been shown that activation of a subpopulation of Esr2-express

ing CLA neurons evoked only a moderate inhibitory effect 

despite their preference for FS and little impact in RS.18 This rai

ses the possibility that Esr2-expressing neurons may express 

their own target selectivity in the cortex. Recent studies have 

described that specific subsets of CLA neurons, particularly 

those expressing VGLUT2, can elicit a net excitatory effect in 

the cortex,50 contradicting previous claims of a widespread 

inhibitory influence.18,27,57 We observed comparable propor

tions of excitation and inhibition in layer 2/3 of VGLUT2 and 

CaMKIIa mice. By contrast, activation of VGLUT2 CLA neurons 

led to a substantial recruitment of layer 5/6 FS neurons 

(Figures 2H and 2J). This robust recruitment of layer 5/6 FS neu

rons coincided with a pronounced inhibition of RS neurons, sur

passing the level observed in CaMKIIa mice. These data suggest 

that although the innervation of VGLUT2 CLA-ACC terminals is 

denser in supragranular layers, it still excites infragranular ACC 

neurons, with a target preference of GABAergic interneurons ac

counting for the overall inhibitory response.

Selective targeting of ACC interneurons by CLA 

projections

Our data show marked differences in the CLA targeting of inter

neurons according to their type and laminar distribution. This 

innervation pattern is likely to contribute to the complex excita

tion/inhibition patterns observed in our study (Figures 1 and 2) 

and others.18,27,50,57 Our results show that CLA projection neurons 

preferentially targeted PV interneurons in both supra- and infra

granular layers, 5HT3a interneurons in the supragranular layers, 

and SOM interneurons in the infragranular layers. They also tar

geted NPY interneurons, which were suggested to play a crucial 

role in claustro-cortical feedforward inhibition.57 The different 

types of cortical interneurons have distinct target preferences, 

providing inhibition to both excitatory and inhibitory cortical neu

rons.65,85–87 Specifically, it has been shown that NPY interneurons 

in the prefrontal cortex activated by CLA neurons provide feedfor

ward inhibition to both pyramidal neurons and PV interneurons.57

In addition to the selective targeting of interneurons in layers 2/3 

vs. 5/6, we show that 5HT3a and NPY interneurons in layer 1 

also received CLA input. Layer 1 receives input from brain regions 

associated with higher cognitive functions as well as specific neu

romodulatory inputs.76,88–93 These inputs modulate the activity of 

the entire cortical column94 via complex local inhibitory and disin

hibitory circuits.90,92 All of the above excitatory, inhibitory, and dis

inhibitory pathways control the firing of cortical neurons in different 

cortical layers, as seen in extracellular in vivo recordings.18,50,57 In 

agreement with anatomical data reported in recent studies,50 our 

data show that VGLUT2-expressing CLA projection neurons pref

erentially target pyramidal neurons in layer 2/3 of the ACC. We also 

show that the VGLUT2-expressing CLA neurons preferentially 

target PV interneurons in layer 5/6, which is in line with the 

observed excitation in FS neurons in vivo (Figure 2H). The differ

ences between CaMKIIa and VGLUT2 projection neurons may 

not only help explain discrepancies in the literature regarding the 

impact of CLA on cortical activity but also shed light on processes 

such as pain perception. For instance, recent publications have 

reported that activation of CLA neurons in inflammatory pain 

models in mice produces analgesia and attenuates the sensation 

of pain.46 Conversely, a different study indicates that the same in

flammatory model does not alter CLA function.37 Our findings pro

vide a framework that may explain this discrepancy, as the 

different CLA subpopulations have distinct connectivity patterns 

with cortex.

Strengths and limitations of the study and future 

directions

We used fluorescent markers for several GABAergic interneuron 

populations, which were simultaneously recorded with 

(C) Most putative pyramidal neurons in ACC layer 2/3 responded to photostimulation of VGLUT2 CLA-ACC terminals (82%, n = 28/34), whereas only half of the FS 

neurons responded to the same stimulation (55%, n = 5/9). 

(D) Representative traces of EPSPs produced in an FS and a pyramidal neuron in response to stimulation of VGLUT2-CLA projections (light orange: layer 2/3 FS; 

black: pyramidal neuron) at a frequency of 10 Hz. 

(E) Same as in (B) but for layer 5/6. 

(F) Only a small minority (29%, n = 15/51) of ACC layer 5/6 pyramidal neurons responded to VGLUT2 CLA-ACC photostimulation, compared with a majority in 

superficial layers (82%, n = 28/34, p < 0.001, chi-squared test). By contrast, nearly all recorded FS neurons responded to the stimulation (100%, n = 8/9, layer 5/6: 

Pyr vs. FS, p < 0.002, chi-squared test). 

(G) Representative EPSP traces of an FS and a pyramidal neuron in response to stimulation of VGLUT2-CLA projections (dark orange: layer 5/6 FS; black: 

pyramidal neuron) at a frequency of 10 Hz. 

(H) Synaptic responses were attenuated in both pyramidal and FS neurons by TTX and recovered following application of 4AP. 

(I) EPSP rising slopes and amplitudes in response to photostimulation of VGLUT2 CLA-ACC terminals across different ACC layers. No significant differences in 

EPSP amplitude were observed between layers in either pyramidal neurons or FS neurons (layer 2/3: Pyr: 8.80 ± 1.92 mV; FS layer 2/3: 5.91 ± 2.20 mV; layer 5/6: 

Pyr: 5.41 ± 0.71 mV; FS layer 5/6: 8.25 ± 1.77 mV; p > 0.5 in all comparisons, two-way ANOVA test). Layer 5/6 FS neurons responded to VGLUT2-CLA neuron 

activation with a significantly faster depolarization compared with pyramidal neurons in the same layer (layer 5/6: Pyr: 1.27 ± 0.20 mV/ms, FS: 4.10 ± 1.02 mV/ms; 

***p < 0.001; two-way ANOVA test). 

Data are presented as mean value ± SEM. 

See also Figures S2 and S7.
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neighboring pyramidal neurons; however, cortical pyramidal 

neurons are made up of different subpopulations,95 which 

were not classified here. Moreover, the molecular markers we 

used for GABAergic interneurons in the ACC have a certain de

gree of overlap, in particular the NPY population, which partially 

overlaps with both SOM- and 5HT3a-expressing interneu

rons.70,79,80 This convergence may explain the robust responses 

in both supra- and infragranular NPY interneurons (Figure 4). Us

ing paired recordings of interneurons and pyramidal neurons al

lowed the ex vivo data to be controlled for variations in animals, 

viral titer, incubation time, viral expression, cell type, and brain 

slice quality across and within experiments. To identify the 

various molecularly defined mouse lines, we crossed a Cre- 

dependent line with a tdTomato reporter. It should be noted 

that the VGLUT2 population constitutes a subset of the larger 

CaMKIIa-expressing population.48 Further studies are required 

to establish the detailed targeting of cortical neurons by different 

CLA neuron types, such as those expressing VGLUT1, Esr2, 

GnB4, Erg2, Nurr1, and others.18,48,96,97 In this paper, we built 

on our previous work10,11 by using the robust CLA-ACC pathway 

to investigate cell-type and layer targets of CLA input at a spe

cific cortical region. As there is a growing understanding that 

cortical microcircuits significantly differ across regions,98,99

similar work should be performed on other granular and agranu

lar cortices to create a complete canonical claustro-cortical 

scheme.

Conclusion

In conclusion, we report that CLA activation evokes synaptic re

sponses in all layers of the ACC and that these responses 

depend on the identity of the presynaptic CLA projection, the tar

geted cortical layer, and the identity of the postsynaptic neuron. 

Our results explain some of the discrepancies regarding the 

excitatory or inhibitory influence of the CLA in the ACC and lay 

the foundation for understanding the organizing principles of 

claustro-cortical connectivity.
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Stornetta, R.L., Beenhakker, M.P., Shen, Y., and Julius Zhu, J. (2015). 

Canonical Organization of Layer 1 Neuron-Led Cortical Inhibitory and 

Disinhibitory Interneuronal Circuits. Cereb. Cortex 25, 2114–2126. 

https://doi.org/10.1093/cercor/bhu020.

93. Letzkus, J.J., Wolff, S.B.E., Meyer, E.M.M., Tovote, P., Courtin, J., Herry, 
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Biocytin (ε-Biotinoyl-L-Lysine) ThermoFisher Cat. # B1592

Cy5-conjugated streptavidin Jackson ImmunoResearch Laboratories RRID: AB_2337245

DAPI (4′,6-diamidino-2-fenilindol, dihidrocloruro) ThermoFisher Cat. # D1306; RRID AB_2629482

Bacterial and virus strains

pAAV2-CaMKIIa-hChR2(H134R)-EYFP Karl Deisseroth Cat. # 26969-AAV2; RRID:Addgene_26969

AAV5.EF1.dflox.hChR2(H134R)-mCherry.WPRE.hGH Karl Deisseroth Cat. # 20297; RRID: Addgene_20297

AAV5.EF1.dflox.hChR2(H134R)-eYFP.WPRE.hGH Karl Deisseroth Cat. # 20298; RRID: Addgene_20298

pAAV-hSyn-DIO-mCherry Addgene Cat. # 50459; RRID:Addgene_50459

Red Retrobeads Lumafluor https://lumafluor.com/

Chemicals, peptides, and recombinant proteins

Isoflurane, Forene AbbVie AB (Solna, Sweden) Cat. #: 506949

Sodium pentobarbital APL AB (Stockholm, Sweden) Cat. #: 338327

Temgesic 0.3mg/ml Indivior Europe Limited (Apoteket) Cat. # 521634

Viscotears 2mg/g Thea (Apoteket) Cat. #: 569173

Xylocain Spray 100 mg/ml AstraZeneca Cat. #: 469429

Adhese Universal Refill Bottle 2x5g IvoClar Vivadent Cat. #: 663721WW

Dental cement, Tetric EvoFlow, 1x 2 g IvoClar Vivadent Cat. #: 595953WW

Silicone sealant Kwik-Cast WPI Cat. #: KWIK-CAST

D-APV Tocris Cat. # 79055-68-8

NBQX disodium salt Tocris Cat. # 479347-86-9

Tetrodotoxin citrate (TTX) Tocris Cat. # 18660-81-6

4-Aminopyridine (4AP) Tocris Cat. # 504-24-5

SR-95531 (Gabazine) Merck Cat. # 104104-50-9

DiI (1,1′-dioctadecyl-3,3,3′3’- 

tetramethylindocarbocyanine perchlorate)

Invitrogen, ThermoFisher Cat. # D282

Critical commercial assays

RNAscope Multiplex Fluorescent v2 ACD Cat. # 323100

Probe- Mm-Slc17a6-C1 ACD Cat. # 319171

Probe- Mm-CamkIIa-C2 ACD Cat. # 445231

TSA Cyanine 3 Akoya Biosciences Cat. #NEL744001KT

TSA Cyanine 5 Akoya Biosciences Cat. #NEL745001KT

Experimental models: Organisms/strains

Mouse, C57BL/6J The Jackson Laboratory RRID: IMSR_JAX: 000664

Mouse, PV-Cre The Jackson Laboratory RRID: IMSR_JAX:017320

Mouse, SOM-Cre The Jackson Laboratory RRID: IMSR_JAX:018973

Mouse, Ai9 (RCL-tdT) The Jackson Laboratory RRID: IMSR_JAX:007909

Mouse, NPY-Cre The Jackson Laboratory RRID: IMSR_JAX:027851

Mouse, 5Ht3a-Cre The Rockefeller University, GENSAT RRID: MMRRC_036680-UCD

Mouse, Vglut2-ires-cre The Jackson Laboratory RRID: IMSR_JAX:016963

Software and algorithms

ImageJ FIJI NIH https://imagej.nih.gov/ij

QuickNII NITRC https://quicknii.readthedocs.io/

VisuAlign NITRC https://visualign.readthedocs.io

Python Python Software Foundation https://www.python.org/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed according to the Guidelines of the Stockholm municipal committee for animal experiments. 40 adult 

PV-Cre (B6.129P2-Pvalbtm1(cre)Arbr/J, The Jackson Laboratory, IMSR_JAX:017320),102 11 adult SOM-Cre mice (B6N.Cg-Ssttm2.1 

(cre)Zjh/J, The Jackson Laboratory, IMSR_JAX:018973),103 30 adult 5HT3a-Cre (Tg(Htr3a-cre)NO152Gsat/Mmucd, GENSAT, 

MMRRC_036680-UCD)104 mice and 15 adult NPY-Cre (B6.Cg-Npytm1(cre)Zman/J, The Jackson Laboratory, IMSR_JAX:027851)105

were crossed with tdTomato reporter mouse line (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, The Jackson Laboratory, 

MSR_JAX:007909)106 to obtain transgenic interneuron reporter mice. 29 adult VGLUT2-Cre (Slc17a6tm2(cre)Lowl/J, The Jackson 

Laboratory, IMSR_JAX:016963)107 transgenic mice of both sexes were used to study the effect of VGLUT2-expressing CLA projec

tion neurons on the ACC.

METHOD DETAILS

Virus injection

Mice of either sex, 6-8 weeks old, were anesthetized with isoflurane and placed in a stereotaxic frame (Harvard Apparatus). To target 

the CLA, a craniotomy was made -0.7 mm anterior-posterior (A/P) to bregma, + 3.4 mm medio-lateral (M/L) to the midline and 4.2 mm 

dorso-ventral (D/V) from the skull. A total of 100 nl of virus AAV2-CaMKIIa-hChR2(H134R)-EYFP (Addgene:26969-AAV2) for PV, 

SOM, 5HT3a, and NPY Cre- transgenic mice and AAV5.EF1.dflox.hChR2(H134R)-eYFP.WPRE.hGH (Addgene:20298) for 

VGLUT2-Cre mice was injected by a micropipette using Quintessential Stereotaxic Injector (Stoelting Europe) at a rate of 300 nl/min. 

To target the ACC a craniotomy was made 0.7 mm anterior to bregma, 0.25 mm lateral to midline and 1.4 mm ventral. Two types of 

injections were made in the ACC. To identify ACC-projecting CLA neurons in the VGLUT2-Cre mice, red retrograde beads (Lumafluor) 

were injected into the ACC at the above-mentioned craniotomy. The pipette was held in place for 3 mins after the injection before 

being slowly retracted from the brain. Post injection analgesics were given (0.03 mg/kg buprenorphine, Eumedica).

Head implants

Adult mice (2 to 3 months old) were anesthetized with isofluorane (AbbVie AB), and the head was fixed in a stereotaxic apparatus 

(Stoelting). Temgesic (0.03 mg/kg, Eumedica) was administered before the surgery. The body temperature was maintained at 36 

and 37◦C by a heating pad. To avoid ocular dehydration, an ocular ointment (Viscotears 2 mg/g, Thea) was applied over the eyes. 

To reduce any possible pain sensation, lidocaine was applied on the skin surface before the incision (AstraZeneca). After removing 

the skin covering the regions of interest, the bone was gently cleaned. Targeted regions for optic fiber placement and electrophys

iological recordings were marked using stereotaxic coordinates on the surface of the skull. ACC craniotomy coordinates for record

ings: ACC layer 2/3: +0.5 mm A/P and +0.2 mm M/L; ACC layer 5/6: +0.5 mm A/P and +0.5 mm M/L. Optic fiber craniotomy 

coordinates: +0.5 mm A/P and +0.2 mm M/L. Then, a thin layer of light-curing adhesive (Ivoclar Vivadent) was applied on the exposed 

skull. An aluminum metal head-post was fixed with dental cement Tetric Evo (Ivoclar Vivadent) between hemispheres close to mid- 

sagittal suture. A wall of dental cement was built along the edge of the bone and covering the implant. After the surgery, the animals 

were returned to their home cage.

In vivo electrophysiology

Following a recovery period of at least three days after implantation, mice were habituated to being head-restrained over a period of 

3-4 days. The recordings were performed up to 7 days after the habituation. On the day of the experiments, mice were anesthetized 

with isoflurane (AbbVie AB) and small craniotomies (300-500 μm in diameter) were drilled to access the targeted areas. The open 

craniotomies were covered with silicone sealant (Kwik-Cast, WPI), and the animals were returned to their home cages for recovery. 

After 2 to 4 hours of recovery, mice were head-fixed, and the silicone from the craniotomies was removed. Extracellular LFP and 

spikes in the ACC were recorded using a silicon probe (A1x32-Poly2-5mm-50 s-177 and A1xOA32LP-Poly2-5mm-50 s-177, 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anaconda Anaconda Inc. https://www.anaconda.com/

Open Ephys GUI Open Ephys https://open-ephys.org/gui

Kilosort2.5 Pachitariu. et al.100 https://github.com/MouseLand/Kilosort

Matlab 2020a Mathworks https://mathworks.com

Graphpad Prism 8.0.1 Graphpad Software https://www.graphpad.com

ZEN Blue 2.3 Carl Zeiss https://www.zeiss.com/

CorelDraw X8 Corel Corporation https://www.coreldraw.com

Igor Pro 6.37 Wavemetrics https://www.wavemetrics.com/

Phy2 Rossant et al.101 https://github.com/cortex-lab/phy
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NeuroNexus) with 32 electrodes inserted 1.3 mm deep from the surface at the ACC L2/3 coordinates (+0.5 mm A-P; 0.25 mm M-L) or 

1.5 mm deep from the surface at the ACC L5/6 coordinates (+0.5 mm A-P; 0.45 mm M-L). The probe was lowered using a microma

nipulator (Luigs and Neumann) at a low speed (1 μm/s), to minimize damage to the brain tissue. To allow the brain to recover from the 

mechanical strain of the probe insertion, the recordings started 30 minutes after the probe was in its required position. The craniot

omies were always covered with saline to avoid the dryness of the surface. The electrode reference was then connected to a silver 

wire positioned over the pia in a second craniotomy near the cerebellum with a second micromanipulator. The probe and the optic 

fiber were coated with DiI (1,1’-dioctadecyl-3,3,3′3’-tetramethylindocarbocyanine perchlorate, Invitrogen) for post hoc recovery of 

the recording location. The signals were filtered between 0.3 Hz and 7.5 kHz and amplified using a digital head stage (RDH2132, Intan 

Technologies) and OpenEphys software. Broadband activity was sampled at 30 kHz (band pass filtered between 0.3 Hz and 7.5 kHz 

by the amplifier) and stored for offline analysis. A maximum of two recordings, one in layer 2/3 and another in layer 5/6, were per

formed in the same animal and same day before they were sacrificed. Probes were cleaned with 1% Tergazyme (Sigma-Aldrich) 

for at least 24 hours following the recording, then rinsed with deionized water.

In vivo photostimulation

In the in vivo experiments, CLA cell bodies were stimulated 150 times with 5 ms duration light pulses delivered in a 5-second inter-trial 

interval through an optical fiber (NA 0.5, 200 μm diameter) located above the CLA. The optical fiber was connected to a light-emitting 

diode (LED, 470 nm, Prizmatix) through a patch cable (NA 0.5., core diameters: 250 μm, Prizmatix). The LED was controlled by the 

Spike2 program (Cambridge Electronic Design). Simultaneously, the ACC activity was recorded as described above (Methods; in vivo 

electrophysiology). At the end of the protocol, the recording was stopped. If no changes in the LFP activity were detected online, the 

probe was moved 100-200 μm deeper and then repeated the stimulation protocol. To corroborate that CLA was activated, in some 

experiments, 5 ms and 500 ms duration light pulses were delivered every 5 seconds at least 40 times directly into the CLA using a 

silicon probe attached to an optical fiber (A1xOA32LP-Poly2-5mm-50 s-177, NeuroNexus). If no optotagged units were observed 

online, the probe was lowered at a low speed (1 μm/sec) for a maximum of 200 μm and repeated the photostimulation. Our criteria 

for determining whether CLA was activated was a positive change in firing rate in the units in the 1-10 ms window after 5 ms photo

stimulation. In the 500 ms protocol, some units sustained the activity while photostimulation was evoked. Others adapted a few mil

liseconds after the initiation. At the end of the experiment, the virus expression was corroborated. If no CLA fibers were observed in 

the ACC, or if the injection was predominantly out of the CLA, the animal was removed from the study.

Spike sorting

Recordings acquired in OpenEphys were processed using the standard Kilosort 2.5 pipeline for spike detection, drift tracking, and 

clustering.100 Following automated sorting, all units were manually curated using Phy2.101,108 Units were considered putative single 

units if they exhibited clear physiological and statistical signatures of well-isolated neurons.

We included only those units with fewer than 1% of inter-spike intervals (ISIs) shorter than 2 ms, indicating minimal refractory 

period violations. In addition, the waveform had to be clearly distinguishable from background noise, with a peak-to-peak amplitude 

greater than 125 μV. We verified the consistency of spike waveforms over time and across events, excluding clusters with mixed or 

unstable shapes. Cluster quality was further assessed using principal component projections; only units with well-isolated clusters 

and minimal overlap with neighboring units were retained. Units that did not meet these criteria were classified as multi-unit activity 

(MUA) or noise and excluded from further analysis. Optogenetic activation of VGLUT2 and CaMKIIa were aligned with electrophys

iological recordings using event times recorded using OpenEphys. Probe trajectory was estimated from histology and Allen Brain 

Atlas.77 Single unit activity which occurred within layer 2/3 or layer 5 were selected for further analysis. The waveforms for each single 

unit activity were combined individually and an average waveform was calculated. The spike width was calculated as the duration 

between the maximum amplitude and the repolarization to baseline. A histogram was plotted which showed a bimodal distribution 

of spike widths, the spike width of 0.6 ms was chosen as the threshold and used for the separation of FS and RS.57 Single-unit firing 

frequency was calculated using 10 ms bins and a Gaussian kernel (sigma=10 ms), then converted to z-scores. Neuronal responses to 

CLA activation were categorized as excitation, inhibition, or no modulation based on z-score changes within 30 ms post-stimulation. 

Excitation was defined as any 10 ms bin within the first 30 ms post-stimulation with a firing rate exceeding a z-score value of 4 (4 stan

dard deviations). Neurons were classified as inhibited if, within the 30 ms period following CLA activation, any 10 ms bin exhibited a 

firing rate lower than two standard deviations below the mean baseline firing rate (-2 z-score). Neurons previously identified as ex

hibiting excitation were excluded from this inhibition analysis. Neurons not meeting criteria for either excitation or inhibition were 

categorized as showing no modulation.

Modulation index calculations

The CLA modulation index (MI) was calculated using the formula (FRpost – FRbase) / (FRpost + FR FRbase).57,109 This index ranges 

from − 1, indicating total suppression, to values near 1, reflecting robust neuronal excitation. Baseline firing activity (FRbase) was 

calculated as the average firing rate during the one second immediately preceding CLA stimulation, while post-stimulation activity 

(FRpost) was determined from the mean firing rate in the first 100 milliseconds following activation. A separate modulation index 

was also computed based on a 30-millisecond time window, which was specifically chosen to assess the direct activation of 

ACC neurons following CLA stimulation.
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Brain slice preparation

Mice were incubated for at least 21 days post-surgery following which the mice were sacrificed and used for ex vivo recordings. Mice 

were anesthetized with isoflurane and their brains removed in ice-cold cutting solution containing the following (in mM): 2.5 KCl, 1.25 

NaH2PO4, 0.5 CaCl2, 7.5 MgCl2, 10 glucose, 25 NaHCO3, 205 sucrose. Coronal slices, 250 μm thick, were cut (Leica VT 1000S, 

Wetzlar), then transferred to a 35◦C water bath for 1 h in artificial CSF containing the following (in mM): 125 NaCl, 25 glucose, 25 

NaHCO3, 2.5 KCl, 2 CaCl2, 1.25 NaH2PO4, 1 MgCl2. Slices were initially maintained at room temperature for a minimum of 30 minutes. 

Subsequently, they were transferred to a bath of artificial CSF containing 10 μM gabazine for experiments and used within 12 hours 

after the brain was sliced. Reagents were obtained from Sigma-Aldrich.

Whole-cell patch-clamp recordings

Whole-cell patch-clamp recordings were obtained at 35 ± 0.5◦C. Glass electrodes were pulled with a Flaming/Brown micropipette 

puller P-97 (Sutter Instruments) and had a resistance of 7–9MΩ. They contained (in mM) 130 K-gluconate, 5 KCl, 10 HEPES, 4 Mg- 

ATP, 0.3 Na-GTP, 10 Na2-phosphocreatine and 0.3% Neurobiotin. Neurons were visualized with infrared differential interference 

contrast (IR-DIC) microscopy (Zeiss FS Axioskop) and fluorescent microscopy, using a mercury lamp (HBO 100, Zeiss) and a fluo

rescent filter cube mounted on the same microscope. Pairs of neurons were recorded within a range of 200 μm from each somata. 

Recordings were amplified using MultiClamp 700B (Molecular Devices) and digitized by an ITC-18 (HEKA Elektronik) acquisition 

board. Data was acquired and analyzed using IGOR Pro (WaveMetrics).

Determination of cortical layer

Cortical layers were assigned to every neuron prior to recordings. Layer 1 is defined as the layer closest to the pia with few neurons. 

Layer 2/3 is defined as a dense layer of neurons next to layer 1. To avoid attribution errors, both infragranular layers 5 and 6 are 

considered together. Layer 5/6 is defined as neurons located above the cingulum bundle (Figures 3A and S3).

Photostimulation in brain slices

Photostimulation was generated through a 1-watt blue LED (wavelength 465 nm) mounted on the microscope oculars and delivered 

through the objective lens. Photostimulation was controlled by a LED driver (Mightex Systems) connected to the ITC-18 acquisition 

board, enabling control over the duration and intensity. The photostimulation diameter through the objective lens was ∼400 μm with 

an illumination intensity of 16 mW/mm2 for experiments on VGLUT2 mice and 0.8 mW/mm2 for all other experiments. Short light 

pulses (2 ms duration, 8 pulses at 10 Hz, followed by a single 2 ms light flash after another 500 ms) were delivered to evoke post

synaptic responses in neurons; these responses were recorded with the patch pipette. Every experiment was repeated 20 times 

with 10 second intervals. A recording was determined to receive synaptic input if it showed repeatable stimulus-locked post-synaptic 

response to photostimulation.

RNAscope in situ hybridization

Mice (n=4) were sacrificed with an overdose of sodium pentobarbital (200 mg/kg I.P.) and subsequently perfused transcardially with 

4% PFA in 0.01 M PBS. The brains were extracted and kept for an additional 2 h treatment in PFA. The tissue was then washed in 

PBS and placed in a 25% (w/v) sucrose solution in PBS overnight at 4◦C for cryoprotection. Serial 12 μm coronal sections were cut on 

a cryostat. Sections were mounted on Superfrost Plus microscope slides (Thermo Scientific). In situ hybridization targeting CaMKIIa 

and VGLUT2 mRNA was conducted using the RNAscope Multiplex Fluorescent v2 Assay Kit (Advanced Cell Diagnostics, Bio- 

Techne; Cat. #323110), in accordance with the manufacturer’s guidelines for fixed-frozen samples. The VGLUT2 transcript (gene 

symbol: Slc17a6) was labeled using the channel 1 probe (Cat. #319171), with signal amplification achieved via tyramide signal ampli

fication (TSA) conjugated to Cy5 fluorophore. To simultaneously detect CaMKIIa mRNA, a channel 2-specific probe (Cat. #445231- 

C2) was applied, and visualization was performed using TSA coupled with a Cy3 fluorophore. Following the hybridization procedure, 

tissue sections were counterstained with DAPI at a dilution of 1:5000 to visualize cell nuclei.

To delineate the anatomical boundaries of the CLA, the Allen Mouse Brain Atlas (Common Coordinate Framework v3, CCFv3) was 

used as a reference110. Acquired images were aligned to the atlas using QuickNII and VisuAlign to ensure accurate spatial correspon

dence with atlas-defined claustral regions.111 Quantitative analysis was performed using FIJI (ImageJ). DAPI-stained nuclei were 

segmented and used as the basis for identifying individual cells. Puncta corresponding to RNA transcripts were assigned to cells 

if they were either directly overlapping the nucleus or located within approximately 3 μm radius from the nuclear edge. A minimum 

of three puncta was required for a cell to be classified as positive for a given transcript. In the case of CaMKIIa, low-level background 

signal was occasionally observed but was excluded from analysis. Only puncta clearly localized around the nucleus were considered. 

When CaMKIIa puncta were found in dense aggregates that prevented accurate counting, a conservative upper limit of 25 puncta per 

cell was applied. This threshold exceeded the maximum values observed for VGLUT2-positive cells and was used to standardize 

comparisons. Quantification was performed on at least 2 coronal sections per animal, sampled across the rostrocaudal extent of 

the claustrum (n = 4 mice, totaling 1,344 quantified cells). To characterize the distribution of puncta expression intensity, neurons 

were categorized into four distinct groups based on puncta counts: <3 puncta, indicating minimal or no expression; 3-9 puncta; indi

cating low expression; 10-15 puncta, indicating medium expression; and >15 puncta, indicating high expression. Pie charts were 

generated to visualize the relative proportions of neurons within each expression category. The percentages represented in these 

charts were calculated based on the total number of neurons analyzed (DAPI+), including both puncta-positive and puncta-negative 
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cells. Venn diagrams were generated (Figure S2) to visualize the overlap of probe expression within CLA cells. Diagram’s outer circle 

represents the total number of cells quantified via DAPI staining, while the inner circles indicate the percentage of these cells positive 

for each specific probe.

Confocal imaging

Some slices used for ex vivo whole-cell patch-clamp recordings were fixed in Lana’s fixative (4% PFC with picric acid) in preparation 

for imaging. Slices were fixed overnight and subsequently washed in PBS 6 times, for 10 minutes each wash. A subset of slices with 

neurons intracellularly filled with neurobiotin were next incubated in Cy5-PBS (Jackson ImmunoResearch Laboratories) for at least 72 

hours. Slices were then mounted on a glass slide with 70% glycerol and DABCO mounting medium. Confocal images were acquired 

using confocal microscopy (Zeiss LSM 510) and visualized using ImageJ (Fiji).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are represented as mean ± SEM. All data distribution was first checked for normality (Shapiro-Wilk test) and analyzed accord

ingly. 2-way ANOVA d and paired two-sample Student’s t-test for two-group comparisons. Non-normally distributed data were 

analyzed by the Mann-Whitney for two-group comparison, Wilcoxon signed-rank test was used for paired samples. Percentages 

were analyzed using Fisher’s exact test. Statistical analyses were done in Prism 8 (GraphPad Software) and Matlab R2020a 

(Mathworks). Final figures have been assembled with Corel DrawX8 (Corel Corporation) and Adobe Illustrator (Adobe).
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