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SUMMARY

The widespread reciprocal connectivity between the claustrum and the neocortex has stimulated numerous
hypotheses regarding its function; all of these suggest that the claustrum acts as a hub that connectsmultiple
cortical regions via dense reciprocal synaptic pathways. Although the connectivity between the anterior
cingulate cortex (ACC) and the claustrum has been proposed as an important pathway for top-down cogni-
tive control, little is known about the synaptic inputs that drive claustrum cells projecting to the ACC. Here, we
used multi-neuron patch clamp recordings, retrograde and anterograde viral labeling, and optogenetics in
mouse claustrum to investigate cortical inputs and outputs of ACC-projecting claustrum (CLA-ACC) neurons.
Both ipsilateral and contralateral cortical regions were found to provide synaptic input to CLA-ACC neurons.
These cortical regions were predominantly frontal and limbic regions and not primary sensorimotor regions.
We show that CLA-ACC neurons receive monosynaptic input from the insular cortex, thereby revealing a po-
tential claustrum substrate mediating the Salience Network. In contrast, sensorimotor cortical regions pref-
erentially targeted non CLA-ACC claustrum neurons. Using dual retrograde labeling of claustrum projection
neurons, we show selectivity also in the cortical targets of CLA-ACC neurons: whereas CLA-ACC neurons co-
projected mainly to other frontal regions, claustrum neurons projecting to primary sensorimotor cortices
selectively targeted other sensorimotor regions. Our results show that both cortical inputs to and projections
from CLA-ACC neurons are highly selective, suggesting an organization of cortico-claustral connectivity into
functional modules that could be specialized for processing different types of information.

INTRODUCTION

The widespread and reciprocal connectivity of the claustrum, a

brain region wedged in between the insula and the lateral stria-

tum, has been the impetus behind broad speculation on claus-

trum function. These functions include consciousness [1], atten-

tion [2–4], saliency detection [5–7], and contextual memory [8]. It

is assumed that the claustrum acts as a hub that relays inputs

between sensory, motor, limbic, and associative cortical regions

[1–3, 6]. Various mechanisms for such functions have been pro-

posed. Several studies have suggested cortical integration as

the primary mechanism [1, 9–11], while other suggestions

include coincidence detection [11], modulation of cortical activ-

ity [3], signal amplification [12], and cortical inhibition [4, 13–15].

An underlying requirement of all these suggested mechanisms is

that claustrum neurons must receive input from multiple cortical

regions and sensorymodalities. Previous investigations focusing

on multi-modal input to the claustrum have been inconclusive,

with some studies suggesting strong sensory integration

[16, 17] and others reporting unimodal responses within a multi-

sensory claustrum [5, 18–20]. These divergent results could be

related to the specific cortical projections studied. The strongest

reciprocal connection across species is between the claustrum

and frontal cortical regions such as the anterior cingulate cortex

(ACC) [21–25], whereas the connectivity with sensory cortices is

sparser [24, 25]. Based on the dense claustrum-ACC connectiv-

ity, we hypothesized that CLA-ACC neurons could be a key

target of multi-cortical input. The ACC plays an important role

in higher cognitive functions [26–28] and is a key node in the

Salience Network (SN) [29–36]. We have previously studied

CLA-ACC neurons [7] and discovered sexual dimorphism and

topological heterogeneity within this population of neurons.

Recent work has shown that claustrum neurons projecting to

posterior sensory and association cortices receive ACC input

[37] and that ACC input to the claustrum plays a role in modu-

lating attentional behavior in rodents [12]. The organizing princi-

ples of functional cortical-claustro connectivity, however, remain

largely unknown.

Here, we used anterograde viral injections, retrograde bead la-

beling, optogenetics, and multi-neuron patch clamp recordings

to uncover the organization of cortico-claustral synaptic connec-

tivity.We found that CLA-ACC neurons receivemonosynaptic in-

puts from several cortical regions. These inputs were predomi-

nantly from frontal and limbic cortices rather than primary

sensory and motor regions; specifically, input from the insula

forms an insula-claustrum-ACC circuit that can serve as a
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substrate underlying the SN. Moreover, we show that claustrum

neurons are also selective in their projections to different cortical

regions. We showed via dual retrograde bead experiments that

claustrum projection neurons have at least two targeting sys-

tems – one that targets frontal regions and a second one that tar-

gets sensorimotor regions. Our findings support a cortico-claus-

tral organization into functional input and output modules,

suggesting that the claustrum operates as a collection of high-

ways rather than a fully convergent hub for cortical inputs.

RESULTS

Robust Frontal-Cortical Input to ACC-Projecting
Claustrum Neurons
To characterize cortical input to CLA-ACC neurons, anterograde

ChR2 virus driven by a CamKIIa promoter, which preferentially

targets glutamatergic cortical projection neurons, was injected

into various cortical regions. This enabled photostimulation of

synaptic inputs from these regions, while retrograde fluorescent

beads were injected into the ACC to specifically label claustrum

neurons projecting to the ACC (Figure 1A). As previously shown

[7, 24], projections to the ACC mostly arise from the PV-rich

claustrum core rather than the claustrum shell or the neighboring

insula.Whole-cell patch clamp recordings weremade fromCLA-

ACC neurons identified by fluorescent retrograde beads located

in their somata ([Figure 1B; Figure S1], example cells filled with

neurobiotin in the patch pipette). The Cortex-CLA-ACC circuit

was observed in both male and female mice, and no differences

were seen in the respective postsynaptic responses (Table S1).

We first asked whether frontal cortical regions provide input to

CLA-ACC neurons. The three cortical areas considered were the

contralateral ACC (Figure 1C), ipsilateral ACC (Figure 1D), and

ipsilateral orbitofrontal cortex (OFC, Figure 1E). Postsynaptic re-

sponses were observed in bead-labeled CLA-ACC neurons in

response to photostimulation of axons from all three frontal

cortices: contralateral ACC (11 responding cells in 19 record-

ings, n = 3 mice, Figure 1C), ipsilateral ACC (24/46, n = 6 mice,

Figure 1D), and OFC (7/17, n = 3 mice, Figure 1E). In a subset

of these three robust connections, additional pharmacological

procedures were used to determine whether the connections

were excitatory and monosynaptic [38]. Postsynaptic responses

were obtained in the presence of the GABAA receptor antagonist

gabazine (10 mM) and were blocked following application of

NBQX (10 mM) and APV (50 mM, Figure S2A, n = 4 neurons).

EPSPs were abolished upon bath application of Tetrodotoxin

(TTX, 1 mM; Figure 1C–1E), indicating that responses were

synaptic and not caused by direct photostimulation of claustrum

neurons. Subsequent bath application of 4AP (100 mM) restored

postsynaptic responses to inputs from contralateral ACC (2/4

neurons; Figure 1C), ipsilateral ACC inputs (4/16 neurons; Fig-

ure 1D) and OFC (3/4 neurons; Figure 1E) indicating that the

connection from cortex to CLA-ACC cell was monosynaptic

and that disynaptic contralateral ACC-CLA-ACC and OFC-

CLA-ACC circuits exist. Responses to photostimulation of axons

from different presynaptic cortical regions differed in their short-

term plasticity (Figure 1). Responses from contralateral ACC dis-

played stronger depression and lower paired-pulse ratios (PPR)

than the ipsilateral responses (Figure S2B). Future experiments

using opsins with faster kinetics [39, 40] are required to system-

atically investigate the synaptic dynamics of cortical-claustrum

inputs at a wider frequency range.

Monosynaptic Projections from Insula to ACC-
Projecting Claustrum Neurons
Whereas the insula and ACC are functionally correlated [29–32]

they are not structurally connected [7, 22, 24]; conversely, retro-

grade labeling shows that there is strong claustrum-ACC projec-

tion. We previously suggested that these regions may be con-

nected via the claustrum in an insula-claustrum-ACC circuit [7].

Recent anatomical studies reported that axon terminals or pass-

ing fiberswere observed passing from the insula to the claustrum

[41, 42]. To directly determine whether the insula provides input

to CLA-ACC neurons, anterograde ChR2 virus was injected into

the insula, while retrograde fluorescent beads again were in-

jected into the ACC (Figure 1F). To ensure that injected virus

did not extend into the claustrum, we used smaller injection vol-

umes, faster injection rates, and shorter waiting times (Table 1).

Postsynaptic responses were recorded in CLA-ACC neurons in

response to photostimulation of insula-claustrum projections

(12/35 neurons, n = 9 mice). Responses were abolished upon

bath application of TTX and were restored by addition of 4AP

(5/6 neurons), thus indicating monosynaptic connection (Fig-

ure 1F). These results show that, despite the sparsity of direct

projections from the insula to ACC, a synaptic insula-claus-

trum-ACC pathway exists via disynaptic excitatory connections

from insula to claustrum and claustrum to ACC. Previous studies

using various methods have shown that projections to the ACC

arise mainly from the claustrum core rather than the claustrum

shell or insula [7, 24, 43, 44]. To verify this point we injected retro-

grade viral tracer in the ACC of two PV-tdTomato mice and

imaged the PV-defined claustrum core. Cell bodies and neurites

of retrogradely labeled, claustrum-projecting ACC neurons were

Figure 1. ACC-Projecting Claustrum Neurons Receive Robust Input from Frontal Cortical Sites
(A) Illustration of the experimental paradigm for studying multi-cortical input to CLA-ACC neurons. Red retrograde fluorescent beads were injected into the ACC,

and AAV-mediated ChR2 virus was injected into the tested afferent cortical region. After at least 20 days of post-surgery recovery, mice were sacrificed and

whole-cell patch clamp recordings performed on bead-labeled claustrum neurons.

(B) Example of a bead-labeled claustrum neuron following neurobiotin staining via the patch-clamp pipette.

(C–E) Illustration of the experimental paradigm studying contralateral ACC, ipsilateral ACC, and ipsilateral OFC inputs to CLA-ACC neurons. Map of injection sites

based on the Paxinos and Franklin Mouse Atlas (left) and the corresponding confocal image of 250 mm coronal slice with ChR2 injected into the cortical region

(center). Example of responses of CLA-ACC neurons to input from (C) contralateral ACC (11/19 neurons), (D) ipsilateral ACC (24/46 neurons), and (E) ipsilateral

OFC (7/17 neurons), respectively. Postsynaptic response to photostimulation was abolished with bath application of TTX and recovered upon 4AP application.

The pie chart (right) shows the numbers of responding and non-responding CLA-ACC neurons to axonal projections from the various cortices. (F) CLA-ACC

neuron receiving insular input (12/35 neurons). Postsynaptic response to photostimulation was abolished in 5/6 instances with bath application of TTX and

recovered upon 4AP application. Abbreviations as follows: ACC, anterior cingulate cortex; OFC, orbitofrontal cortex; INS, insula; CLA, claustrum.

See also Figure S1, Figure S2, Figure S3, and Table S1.
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labeled in the PV-defined claustrum core and shell areas but not

in the insula (Figure S3).

Weak Sensorimotor-Cortical Input to ACC-Projecting
Claustrum Neurons
To determinewhether primary sensorimotor regions also provide

similarly robust input to CLA-ACC neurons, we used the same

experimental paradigm to analyze input from four sensory

cortical regions: visual cortex (Figure 2A), contralateral motor

cortex (Figure 2B), auditory cortex (Figure 2C), and somatosen-

sory cortex (Figure 2D). The ipsilateral motor cortex was not

considered because it is known that projections from the motor

cortex to the claustrum primarily arise from the contralateral

hemisphere [20, 25]. Light-evoked postsynaptic responses

were rarely recorded in response to photostimulation of axons

from the visual cortex (1/25 recordings, n = 3 mice, Figure 2A)

or the contralateral motor cortex (2/29, n = 3 mice, Figure 2B).

Further, no CLA-ACC neurons responded to photostimulation

of the auditory cortex (0/19, n = 3mice, Figure 2C) or somatosen-

sory cortex (0/37, n = 3mice, Figure 2D). These results show that

CLA-ACC neurons receive minimal input from primary sensori-

motor cortices. To determine whether sensorimotor projections

target non CLA-ACC neurons, we used the same experimental

paradigm to analyze input from a combination of sensorimotor

regions to non-CLA-ACC neurons. To that end, ipsilateral visual

and auditory cortices (n = 3 mice) as well as somatosensory and

contralateral motor cortices (n = 2) were virally transduced with

ChR2. Red retrograde beads were injected into the ACC in the

same method described above (Figure S2C). In stark contrast

to the lack of response in CLA-ACC neurons, photostimulation

induced synaptic responses in claustral neurons that did not

contain retrobeads, namely non-CLA-ACC neurons (11/35, Fig-

ure 2E). These results collectively suggest that sensorimotor pro-

jections target non CLA-ACC neurons preferentially over CLA-

ACC neurons.

Selective Cortical Inputs to ACC-Projecting Claustrum
Neurons
Our data permitted comparison of the inputs provided to the

claustrum by numerous cortical regions (Figure 3A). The fraction

of CLA-ACC neurons receiving frontal cortical input was 51.2%

(42/82 neurons) compared to 2.7% (3/110) from sensorimotor

areas and 34.3% (12/35) from the insula, a limbic area

(Figure 3A-B, p < 0.001, Chi-square test). These results indicate

a significant bias in claustrum inputs from frontal and limbic

cortices. In regard to the physiological properties of the excit-

atory input to CLA-ACC neurons, there were no significant differ-

ences in onset latencies or EPSP amplitudes between responses

to photostimulation of inputs from all cortical areas (p > 0.4, one-

way ANOVA; Figure 3C-D). We previously revealed topological

heterogeneity in the distribution of CLA-ACC neurons based

on their intrinsic properties [7], suggesting a rostro-caudal topo-

graphic organization within the claustrum. To investigate the

relationship between the location of the neuronswithin the claus-

trum and their cortical input we subdivided CLA-ACC neurons

into the previously described anterior, middle, and posterior

claustrum regions. Frontal cortical projections targeted CLA-

ACC neurons in the anterior and middle claustrum, (p < 0.001,

chi-square test, Figure 3E), and the small number of sensori-

motor cortical projections which targeted (p < 0.001, Fishers

Exact test, Figure 3E) CLA-ACC neurons were found in the ante-

rior claustrum. Insula input did not show a preference for any part

of the claustrum (p > 0.05, chi-square test, Figure 3E). These re-

sults suggest that CLA-ACC neurons preferentially receive input

from frontal and limbic input rather than sensorimotor cortical

input. Further, these neurons are not homogeneously distributed

within the claustrum.

Insula Targets PV- and Non-PV-Expressing Claustrum
Neurons
We showed above that insula provides excitation to CLA-ACC

neurons (Figure 1F). We next detailed the projections and recip-

ient neurons of the insula-claustrum pathway. To determine the

structural relationship between the claustrum and projections

from the insula, we used PV-tdTomato transgenic mice (Fig-

ure 4A). These mice enabled visual determination of the claus-

trum core region, which is enriched in PV-expressing interneu-

rons and their processes [45, 46]. To visualize insula inputs to

the claustrum, ChR2 was virally transduced in the insula of these

mice. Using this strategy, we found that projections from the in-

sula targeted the ipsilateral but not contralateral claustrum (Fig-

ure 4B1; Figure S4, for additional examples of insula injections).

This arrangement was further documented by photostimulating

the ChR2-expressing insula axons while recording from claus-

trum neurons. No postsynaptic responses were ever observed

in the contralateral claustrum (0/24 recordings, n = 7 mice,

Table 1. ChR2 Injection Parameters

Cortical Site

Injection

Volume (nl)

Injection

Rate

(nL/min)

Diffusion

Time (min) L-M A-P D-V

Number

of mice

Number of

mice with no

responding

neurons

Average Age at

Operation/

Experiment

Orbitofrontal Cortex 300 100 5 �1 2.5 �2.5 3 0 P60/ 83

Contralateral ACC 300 100 5 0.2 0.7 �1.4 3 0 P47/ 74

Ipsilateral ACC 300 100 5 �0.2 0.7 �1.4 6 0 P57/ 86

Insula 100 200 3 �3.6 0.7 �4.3 9 3 P52/ 81

Contralateral Motor Cortex 400 100 5 1.4 0.7 �1.5 3 2 P45/ 75

Somatosensory Cortex 400 100 5 �2.9 0.6 �2.2 3 3 P48/ 80

Visual Cortex 400 100 5 �2.4 �2.4 �0.9 3 2 P55/ 90

Auditory Cortex 400 100 5 �3.9 �2.8 �2.5 3 3 P57/ 83
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Figure 2. ACC-Projecting Claustrum Neurons Receive Weak Input from Sensorimotor Cortices

Illustration of the experimental paradigm studying inputs to CLA-ACC neurons originating from (A) visual cortex, (B) contralateral motor cortex, (C) auditory cortex

input, and (D) somatosensory cortex. Map of injection sites based on the atlas and corresponding confocal image of 250 mmexperimental slice with ChR2 injected

into the cortical region to the right of the experimental paradigm. (A) Visual (1/25 neurons), and (B) contralateral motor cortices (2/29 neurons) were found to send

input to CLA-ACC neurons. No CLA-ACC neurons were found to respond to (C) auditory (0/19 neurons) and (D) somatosensory (0/37 neurons) cortex axons.

Example traces reflect the commonly observed non-responding outcome. Pie chart (right) shows the number of responding and non-responding CLA-ACC

neurons to axonal projections from the various cortices. (E) Sensorimotor input was found to project to non CLA-ACC neurons at a higher probability (11/35

neurons). Abbreviations as follows: MTR, contralateral motor cortex; SS, somatosensory cortex; VIS visual cortex; AUD, auditory cortex; CLA, claustrum.

See also Figure S2.
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Figure 4C). At higher magnification, neurites could be observed

emerging from layer 5, rather than layer 2/3, of the ipsilateral in-

sula (Figure 4B2), suggesting that projections originated at layer

5 of the insula. This was consistent with a lack of postsynaptic

responses in claustrum neurons when photostimulating insula

axons following injection of ChR2 virus selectively into layer 2/

3 of the insula (0/24, n = 5 mice, Figure 4C). This contrasts with

the postsynaptic response rate in the ipsilateral claustrum to

photostimulation of insula layer 5 (Figure 4C). In a subset of these

connections we also determined whether connections were

monosynaptic (Figure 4D). PSPs were abolished following bath

application of TTX andwere restored when 4APwas added, indi-

cating that insula input to the claustrum is monosynaptic (n = 11

neurons, Figure 4D). Postsynaptic responses were abolished by

bath application of the glutamate receptor blockers NBQX

(10 mM) and APV (50 mM), indicating that the insula input to the

claustrum was excitatory (n = 12 neurons, Figure 4D). Together,

this shows that the layer 5 of insula providesmonosynaptic excit-

atory input to the claustrum.

Having established that claustrum projection neurons receive

monosynaptic excitatory input from the insula (Figure 1F), we

next asked whether PV-expressing interneurons also received

such input. To directly compare insula synaptic inputs, we ob-

tained recordings from fluorescently labeled PV interneurons

and neighboring non-PV neurons within the claustrum (Fig-

ure 4E). In a subset of experiments, paired recordings were ob-

tained, enabling direct comparison of synaptic properties under

the same experimental conditions with regard to viral transduc-

tion and optogenetic photostimulation. Non-PV neurons were

classified based on their intrinsic electrical properties and action

potential waveforms and were observed to be of the strongly

adapting or mildly adapting types previously observed in claus-

trum projection neurons [7]. Both types were observed to receive

synaptic input from the insula and there were no differences in

their postsynaptic responses to insula photostimulation (Fig-

ure S5); thus, these responses were pooled in subsequent ana-

lyses. We found that both PV and non-PV neurons receive syn-

aptic input from the insula (Figure 4E). There was no difference
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Figure 3. Cortical Input to ACC-Projecting Claustrum Neurons Is Biased to Frontal and Limbic Regions Rather than Primary Sensorimotor

Regions

(A) Response rates for each cortical input condition.

(B) Histogram of response rates of frontal regions (contralateral ACC, ipsilateral ACC, OFC (42/82 neurons) and limbic region/insula cortex (12/35 neurons) were

significantly higher than sensory regions (visual, cortex, auditory cortex, somatosensory cortex, contralateral motor cortex (Right). 3/110 neurons, p < 0.001, chi-

square test). There was no difference between rate of response of frontal and limbic cortices (p > 0.05, chi-square test).

(C) Response Latency and (D) EPSP size were similar across all three regional inputs (p > 0.05, one-way ANOVA).

(E) Topological response profiles of responding CLA-ACC neurons. Frontal cortex projecting axons preferentially targeted anterior andmiddle CLA-ACC neurons

(p < 0.001, chi-square test); no topographical preference was observed for insular cortex and sensorimotor cortical projections (p > 0.05, chi-square test).
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Figure 4. Insular Projections Target both PV and non-PV Neurons in the Claustrum

(A) Illustration of the experimental paradigm. Briefly, ChR2 was injected using an anterograde viral vector into the insula (100 nl, 200 nL/min). PV-tdTomato

transgenic mice were used to enable unambiguous identification of the claustrum.Mice were sacrificed for experiments after at least 20 days of recovery. Whole-

cell patch clamp recordings of claustrum cells and whole field illumination was made to test for postsynaptic response to photostimulation.

(B1) Confocal image of a 250 mm thick slice, showing injection into layer 5 of insula without spillage into claustrum core and shell regions (31 out of 103 injected

mice had acceptable injections for these experiments). Close-up into the claustrum identified by PV-rich a region shows YFP-expressing fibers in ipsilateral

claustrum (Right) but not contralateral claustrum (Left).

(B2) Image of injection into layer 2/3 of the insula shows that projections are confined within layer 2/3 and do not reach into the claustrum.

(C) Postsynaptic responses were recorded in the ipsilateral claustrum (65/161 recordings, 0/24 in contralateral claustrum) from layer 5 insula projections only (0/

24 responses in claustrum after layer 2/3 insula injection).

(D) A subset of recordings was further tested for verifying the existence monosynaptic connections (n = 11). Synaptic responses to photostimulation were

abolished following bath application of TTX and recovered upon additional 4AP bath application. Another subset of recordings was tested for excitatory con-

nections (n = 12) via the use NBQX and APV which abolished the postsynaptic response to photostimulation.

(E) Both PV and non-PV neurons received input from the insula. Top: voltage responses to suprathreshold step current injections. Bottom: examples of synaptic

responses of simultaneously recorded PV and non-PV neurons to photostimulation of synaptic terminals.

(F–I) Properties of synaptic responses in PV and non-PV neurons to photostimulation of terminals from insula (Top). The same properties were extracted from

simultaneous (paired) recordings PV and non-PV neurons (Bottom). Whiskers represent 25-75 percentile ± SD

(F) Latency of response from photostimulation shows that PV cells respond with shorter latency compared to non-PV neurons (p < 0.01, t test), this difference in

onset latency is observed also in paired recordings (p < 0.01, paired t test).

(G) EPSP size from photostimulation shows that PV cells have larger EPSP size compared to non-PV neurons (p < 0.01, t test); This same difference in EPSP size is

also observed in paired recordings (p < 0.05, paired t test).

(legend continued on next page)

ll

Current Biology 30, 1–14, July 20, 2020 7

Please cite this article in press as: Chia et al., Synaptic Connectivity between the Cortex and Claustrum Is Organized into Functional Modules, Current
Biology (2020), https://doi.org/10.1016/j.cub.2020.05.031

Article

hotpaper.nethotpaper.net

hotpaper.net


in the probability for obtaining light-evoked responses between

PV and non-PV neurons (65/161 neurons in 31 mice, in which

13/26 are PV interneurons, p > 0.05, chi-square test).

The onset latency of synaptic responses was shorter for PV in-

terneurons than for non-PV neurons (Figure 4F, n = 42 non-PV

neurons 3.48 ± 0.1 ms SEM, n = 12 PV interneurons 2.43 ±

0.2 ms SEM; p < 0.001, t test). This was confirmed in paired re-

cordings from PV and neighboring non-PV neurons (Figure 4F,

n = 7 pairs, projection neurons 3.15 ± 0.41ms SEM, PV interneu-

rons 2.02 ± 0.17 ms SEM; p < 0.01, single-tail paired t test). Syn-

aptic responses were significantly larger in PV interneurons (Fig-

ure 4G, n = 42 non-PV neurons 1.07 ± 0.46 mV SEM, n = 12 PV

interneurons 4.28 ± 1.11 SEM; p < 0.01, t test; n = 7 pairs, non-PV

neurons 2.01 ± 0.8 mV SEM, PV interneurons 5.91 ± 1.7 mV SEM

p < 0.05, single-tail paired t test). In agreement with previously

published data [12, 46], PV cells had a lower input resistance

compared to non-PV neurons (Figure 4H, n = 42 projection neu-

rons 158 ± 13 MOhm SEM, n = 12 PV interneurons 98 ± 17

MOhm SEM; p < 0.01, t test; n = 7 pairs, non-PV neurons

200 ± 34 MOhm SEM, PV interneurons 79 ± 10 MOhm; p <

0.01, single-tail paired t test). This indicates that the observed

differences in EPSP amplitude were not simply due to differ-

ences in neuronal input resistance, which would amplify EPSPs

in non-PV neurons. The rise time of EPSPs in PV cells was signif-

icantly shorter than in non-PV neurons (Figure 4I, n = 42 non-PV

neurons 11.5 ± 0.7 ms SEM, n = 12 PV interneurons 5.4 ± 1.3 ms

SEM; p < 0.001, t test; n = 7 pairs, projection neurons 10.1 ±

1.9 ms SEM, PV interneurons 4.5 ± 0.7 ms; p < 0.05, single-

tail paired t test), providing another indication that PV interneu-

rons respond to insula input faster and with larger EPSPs

compared to neighboring non-PV neurons. In summary, our

data support the existence of both a monosynaptic excitatory

and a feedforward inhibitory pathwaywithin the insula-claustrum

projection, as previously proposed for other cortico-claustrum

afferent pathways [46].

Selective Output of ACC-Projecting Claustrum Neurons
A single claustrum neuron can project to more than one

cortical area and hemisphere [20, 47–50]. The selectivity in

cortical inputs to CLA-ACC neurons raised the question of

whether CLA-ACC neurons were similarly selective in their

projection to other cortical targets. To determine whether

CLA-ACC neurons co-project to other cortices, red retrograde

fluorescent beads were injected into the ACC, while green fluo-

rescent beads were injected into another cortex (Figure 5A).

Retrograde fluorescent beads were chosen as a tracer due

to their low false positive rates, low toxicity in animals and

high stability over time [51–53]. Red fluorescent beads were

used to identify CLA-ACC neurons as well as identify the claus-

trum region [7], whereas green beads identified claustrum pro-

jections to the second target cortex. A claustrum neuron had at

least two cortical targets if its soma showed co-labeling of

both red and green beads (Figure 5B). A total of six cortical

targets were tested for co-projection with CLA-ACC neurons:

Retrosplenial Cortex (RSP) Orbitofrontal Cortex (OFC), Visual

Cortex (VIS) Motor Cortex (MTR), Auditory (AUD), and Somato-

sensory (SS, Figure 5C; Figure S6). To calculate the degree of

co-localization, the number of co-labeled cells was divided by

the total number of green-labeled cells. Co-projection of CLA-

ACC neurons with other frontal and limbic regions (RSP, 53%;

OFC, 45%) was several-fold higher than co-projection to

sensorimotor regions (VIS, 15%; MTR, 13%; AUD, 13%; SS,

10%; Figure 5D, p < 0.001, chi-square test). There was no

significant difference in the co-labeling of CLA-ACC neurons

with RSP and OFC (p > 0.1, chi-square test) and there was

no significant difference in the co-labeling rates of CLA-ACC

neurons with the sensorimotor regions (p > 0.1, chi-square

test; see the second table in Method Details).

To identify the target preference of sensorimotor-projecting

claustrum neurons, we injected red and green retrograde beads

into different sensorimotor cortical regions (AUD, VIS, SS or

MTR, Figure 5C). Roughly one third of labeled cells co-projected

to other sensorimotor regions (p > 0.1, chi-square test, Fig-

ure 5E). This fraction was threefold higher than that of sensori-

motor cells projecting to the ACC (Figure 5F, p < 0.001, chi-

square test), however, it was significantly lower than the fraction

of CLA-ACC neurons co-projecting to frontal regions (Figure 5F,

p < 0.001, chi-square test).

In summary, our data show that CLA-ACC neurons strongly

interact with frontal and limbic cortical areas with sparser inter-

actions with sensorimotor ones, whereas sensorimotor regions

are targeted by a different claustral population. Thus, claustrum

projection neurons display preferences in their synaptic projec-

tion targets, suggesting a modular organization for claustro-

cortical interconnectivity (Figure 6).

DISCUSSION

Multi-cortical input to the claustrum is an important require-

ment that underpins all current hypotheses regarding claustrum

function. In this study we investigated whether CLA-ACC neu-

rons receive and provide multi-cortical input. Our experiments

identified six cortical regions that provide monosynaptic input

to CLA-ACC neurons, with input from frontal and limbic cortical

regions being more prominent than that from primary sensory

and motor regions. Target preference was also seen in the pro-

jections from claustrum to different cortical regions. These in-

puts are summarized in Figure 6. We also established an in-

sula-claustrum-ACC pathway that may serve as part of the

SN and found that insula projections to the claustrum target

both projection neurons and PV interneurons, with stronger

input to the latter.

Strengths and Limitations of Our Experimental Methods
To investigate multi-cortical input to the claustrum we used a

double injection protocol: retrograde fluorescent beads into

(H) Input resistance size of PV cells is smaller than non-PV neurons (p < 0.01, t test); this difference in input resistance is observed also in paired recordings (p <

0.05, paired t test).

(I) The rise time of the response neurons is faster in PV cells compared to non-PV neurons (p < 0.05, t test), this difference in rise time is observed also in paired

recordings (p < 0.05, paired t test). Response rates of PV and non-PV neurons in ipsilateral claustrum are comparable (p > 0.05, chi-square test, not shown).

See Figure S4 and Figure S5.
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A

B

C

D E F

Figure 5. CLA-ACC Neurons Co-project to Frontal Cortical Areas Rather than Sensorimotor Areas

(A) 41 C56/B7Jmice were injected with two colors of retrograde fluorescent beads. Red retrograde beads were injected into the ACC and green retrograde beads

were injected into another cortex. Mice were sacrificed after 10 days. Brains were cryosectioned and images were taken to identify neurons co-labelled for red

and green beads and counted.

(B) Example of red and green beads co-labelled cells with nuclear-stain DAPI.

(legend continued on next page)
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the ACC, paired with anterograde ChR2 virus into various

cortical regions. The double injection protocol enabled unam-

biguous identification of CLA-ACC neurons and the isolation

of projections from specific cortical regions, thus revealing di-

synaptic links between these cortical regions and the ACC

mediated by claustrum neurons. Neurons targeting other re-

gions were not studied and are therefore open for further inves-

tigation. In a subset of experiments studying insula input to the

claustrum, we used dual patch clamp recordings to compare

the afferent input to neighboring neurons of different types.

This approach allowed us to study these inputs under identical

experimental conditions, in regard to viral injection, mouse age,

and precise topographic location. There are limitations to our

experimental design that should be noted. Despite attempting

to maximize viral transduction within the cortex, this does not

guarantee that every projection neuron within the injected re-

gion expressed ChR2. To minimize feedforward polysynaptic

activity, the light source used for photostimulation was set at

intensities that were sufficient to generate EPSPs but not action

potentials in the postsynaptic cell (see STAR Methods). Hence,

while response probability indicates the relative bias of CLA-

ACC neurons to different cortical inputs, a lack of observed

response does not completely eliminate the possible existence

of a connection from a given cortical region. To investigate

multi-cortical input to the claustrum we used a double injection

protocol: retrograde fluorescent beads into the ACC, paired

with retrograde fluorescent beads of a second wavelength

into another cortical region. This dual injection protocol took

advantage of the robust CLA-ACC pathway to enable unambig-

uous identification of CLA-ACC neurons and the claustrum re-

gion in wild type mice and revealed the presence of co-projec-

ting claustrum neurons that target the frontal areas. Despite the

advantages of retrograde fluorescent beads (stability, low

toxicity, low false positive rate), green beads are weaker in

uptake and fluorescence compared to red beads, a known

supplier limitation that can be minimized by using young ani-

mals (less than 2 months). Therefore, it is likely that our

measured numbers of co-projecting neurons may be an

underestimate.

Multi-cortical Input to ACC-Projecting Claustrum
Neurons
We found that CLA-ACC neurons receive cortical input from

the contralateral and ipsilateral ACC, OFC, insula, contralateral

motor cortex, and visual cortex. We did not observe cortical

input to these neurons from the somatosensory or auditory

cortices. Pharmacological analyses established that the

contralateral ACC, OFC, and insula form disynaptic connec-

tions with the ACC through claustrum neurons, whereas the

ipsilateral ACC forms a reciprocal excitatory pathway with

claustrum via a weak monosynaptic connection. We observed

a difference in connection probability with frontal (ACC, OFC)

and limbic cortices (insula) more likely to synapse on CLA-

ACC cells, whereas the input from sensorimotor cortices is

much less common (contralateral motor cortex, visual cortex)

or not found (ipsilateral somatosensory cortex, auditory cor-

tex). Additionally, we observed that sensorimotor cortical neu-

rons target non-ACC projecting claustrum neurons suggesting

a modular organization. Recent work by Zingg and colleagues

[44] suggests that claustrum neurons projecting to the retro-

splenial cortex receive only sparse innervation from primary

sensory cortical regions. The PPRs observed in Figure S2 sug-

gest that inputs from different cortical regions may have

different presynaptic release probabilities, which could have

different effects on downstream activity of the claustrum [54];

further work will be required to define the properties of presyn-

aptic terminals in the cortico-claustral circuit. Our results do

not address whether multi-cortical input arises only at the pop-

ulation level or is also seen at the level of individual neurons;

this question is highly relevant for future investigation.

Evidence for a Possible Substrate for the Salience
Network
We have defined a monosynaptic insula-claustrum-ACC circuit

which potentially underlies the SN. SN integrity has been nega-

tively correlated with executive control in alcohol abuse disorders

[55] and SN dysfunction has been implicated in schizophrenia

[56–58] among other psychological disorders. The SN switches

brain state activity from the Default Mode Network to Central Ex-

ecutive Network and is activated in response to salient events.

The main nodes for this network activity are the insula and ACC

[29–36]. The paucity of ACC-projecting insula cells [7, 24, 44],

distinction in anatomical projections between insula and claus-

trum [59], and joint consideration of insula and claustrum in SN

studies [29, 60–63] together raise the possibility that the claus-

trum plays a key role in the SN [6, 7, 43]. The particular role of

the claustrum in the SN - whether as a link between the insula

and ACC or as a main node of the salience network instead of

the insula - is a question to be clarified in future work [43].

Insula-Claustrum Circuits Suggest a General Claustrum
Response to Cortical Input
Studying the insula-claustrum circuit is technically challenging

due to the proximity of these two regions [24, 25, 44].We circum-

vented this challenge via focal injection of ChR2-expressing vi-

ruses. We observed excitatory, monosynaptic projections from

layer 5 of the ipsilateral insula, targeting both PV interneurons

and projection neurons in the claustrum with similar connection

(C) Examples of co-labeling of claustrum neurons in ACC-frontal (RSP) ACC-sensorimotor cortices (AUD) and sensorimotor-sensorimotor projecting conditions

(ACC-VIS).

(D) Percentage of co-labeled neurons as a proportion of green labeled neurons observed, the difference observed was not due to chance p < 0.001 (chi-square

test).

(E) In the sensorimotor-sensorimotor condition, the percentage of co-labeled neurons as a proportion of green labeled neurons observed was not different

between groups suggesting that the difference observed due to chance p > 0.1 (chi-square test).

(F) Percentage of co-localization was pooled for ACC-Frontal, ACC-sensorimotor and Sensorimotor-Sensorimotor conditions and chi-square test for the dif-

ference in co-localization showed that the difference in co-localization was significant p < 0.001 (chi-square test).

See Figure S6.
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probabilities. PV interneurons have shorter response latency and

larger EPSP size than projection neurons. This is in line with

previous findings by Kim and colleagues [46], who studied

sensorimotor input to the claustrum and proposed feedforward

inhibition in the cortico-claustrum pathway. Excitatory input

from the cortex targets both projection neurons and PV interneu-

rons; projection neurons are then rapidly silenced through feed-

forward inhibition by PV interneurons within the claustrum circu-

ity [5, 46]. This implies that a large input is required to depolarize

claustrum projection neurons to fire within a small time-window

in order for downstream synaptic propagation to occur. This

mechanism is also observed in thalamocortical and corticostria-

tal pathways [64–67]. Collectively, limbic, sensory, [46] and fron-

tal [12] cortical input to the claustrum suggests a general feedfor-

ward inhibitory circuit mechanism could be involved in the

claustral processing of cortical inputs.

Feedforward inhibition [46] may support the idea of the

claustrum as a coincidence detector [11] of salient or novel in-

formation [5, 68]. It narrows the time window for integration by

curtailing excitatory responses and shortening the postsyn-

aptic membrane time constant [64, 69–72]. Specifically, only

stimuli from several cortical regions arriving at the claustrum

within a short time window will activate claustrum projection

neurons. They could, in turn, lead to a net inhibition of the

cortical target [14]. Studies using all-optical interrogation

methods [73, 74] support such a temporal convergence

mechanism [75].

Claustrum Has at Least Two Distinct Cortical Targeting
Systems
Stimulated by the fact that CLA-ACC neurons receive selective

sets of inputs, we asked whether CLA-ACC neurons co-project

to other cortical regions. We showed that CLA-ACC neurons

co-labeled consistently with other frontal and limbic regions

such as OFC and RSP, but that the same CLA-ACC population

rarely co-labeled with sensorimotor regions (SS, AUD, VIS,

MTR). We subsequently showed that a CLA-sensorimotor tar-

geting system also existed, which was only sparsely connected

to the frontal regions. Taken together, these data argue that

claustrum projection neurons have at least two distinct targeting

systems: one to frontal cortex and one to sensorimotor cortex

(Figure 6). The use of retrograde tracers with higher false nega-

tive rates may account for the differences between our work

and Zingg and colleagues [44], leading to an undercount of

CLA-ACC neurons that co-project to sensorimotor areas. Full re-

constructions of single cell neurons byWang and colleagues [50]

support our conclusion: we propose that the population of claus-

trum neurons projecting to frontal areas represents the CLA-I

population described by Wang et al. [50], while the population

of claustrum neurons projecting to sensorimotor areas represent

the CLA-II population of Wang et al. [50].

CONCLUSION

Our results show that claustrum neurons projecting to the

ACC receive direct input from certain cortical regions and

not from others. This suggests a possible general organiza-

tional principle for the claustrum, where subpopulations of

claustrum neurons are interconnected with selected cortical

regions to form functional modules. Furthermore, we have

identified a disynaptic circuit between insula, claustrum, and

ACC, which could serve as the link connecting the principal

nodes of the Salience Network. Finally, using an anatomical

tracing method, we reveal that claustrum projection neurons

are organized into at least two distinct targeting systems,

frontal and sensorimotor. Collectively, our data suggest that

the claustro-cortical pathways are organized into functional

modules that could be specialized for processing different

types of information.
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A summary scheme of cortico-claustral interconnectivity. Cortical inputs from

frontal and limbic regions (yellow and orange, respectively) show strong

connection probability (solid line arrow) to CLA-ACC neurons while inputs from

sensorimotor regions (purple) show either low connection probability (dashed

line arrow) or no connection (no arrow). ACC-projecting claustrum neurons

that receive preferential input from frontal and limbic cortices also preferen-

tially co-project to other frontal cortices (orange). Another population of

sensorimotor cortex targeting claustrum projection neurons was observed

suggesting the existence of a sensorimotor cortex modality (blue). Abbrevia-

tions as follows: OFC, orbitofrontal cortex; ACC, anterior cingulate cortex;

RSP, retrosplenial cortex; INS, insula; MTR, contralateral motor cortex; SS,

somatosensory cortex; VIS, visual cortex; AUD, auditory cortex.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead Contact
Any further information and requests should be directed to and will be fulfilled by the Lead Contact, Gilad Silberberg (gilad.

silberberg@ki.se).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The dataset and codes supporting the current study have not been deposited in a public repository because of their size and non-

standard format but they are available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed according to the Guidelines of the Stockholm municipal committee for animal experiments. 38 adult

C56/BL6J (RRID: IMSR_JAX: 000664)mice of both sexeswere used to studymulti-cortical input to CLA-ACCneurons (Figure 1-3). 31

adult PV-tdTomato mice were used to study the nature of insula input to the claustrum (Figure 4); these mice were from C57/BL6

background and were bred internally by crossing PV-Cre mice [79] (RRID: IMSR_JAX: 017320) with tdTomato reporter mouse line

[80] (RRID: IMSR_JAX: 007909). 41 adult C56/BL6J mice of both sexes were used to investigate co-labeling of projections (Figure 5).

Mice were at least one month old before surgery.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Cy�5 AffiniPure Donkey Anti-Rabbit IgG (H+L) Jackson ImmunoResearch Laboratories RRID: AB_2340607

Bacterial and Virus Strains

pAAV2-CaMKIIa-hChR2(H134R)-EYFP [76] Addgene 26969

pAAVrg-Syn-ChR2(H134R)-GFP [77] Addgene 58880

Chemicals, Peptides, and Recombinant Proteins

Isoflurane, Forene AbbVie AB (Apoteket) Cat#506949

Sodium pentobarbital APL Cat#338327

Temgesic Indivior Europe Limited (Apoteket) Cat#521634

D-APV Tocris #0106; CAS; 79055-68-8

NBQX disodium salt Tocris #1044; CAS; 479347-86-9

Tetrodoxin citrate (TTX) Tocris #1069; CAS; 18660-81-6

4-Aminopyridine Tocris #0940; CAS; 504-24-5

SR-95531 (Gabazine) Sigma-Aldrich #S106; CAS; 104104-50-9

Experimental Models: Organisms/Strains

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

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

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

Software and Algorithms

IGOR Pro 6.37 Wavemetrics http://www.wavemetrics.com

Graphpad Graphpad http://www.graphpad.com

ImageJ [78] https://imagej.nih.gov/ij/

ZEN Blue 2.3 Carl Zeiss https://zeiss.com
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METHOD DETAILS

Surgery
Mice were anesthetized with isoflurane and placed in a stereotaxic frame (Harvard Apparatus). To investigate multi-cortical input to

CLA-ACCneurons, two small craniotomiesweremade during the same surgery. The first craniotomy targeted the ACCwith retrograde

fluorescent beads while the second craniotomy targeted different cortical sites with anterograde ChR2 virus. To maximize transport

efficiency of the retrograde beads, aliquots of beads were sonicated for 10 min prior to surgery. To target the ACC, a craniotomy

wasmade to target 0.7mmanterior to Bregma, 0.2mm lateral to themidline and 1.4mm ventral according to the Paxinos and Franklin

MouseAtlas, coordinateswere individually adjustedaccording to themousebrainmeasuredbyBregma-Lambdadistancewith 0-point

located at cranial level. 250 nL of red retrograde beads (250 nl; Lumafluor, Durham, NC,USA) were delivered at a rate of 100 nL/min. To

target different cortical sites between 100 – 400 nL of virus (AAV2-CaMKIIa-hChR2(H134R)-EYFP, Addgene 26969; Penn Vector Core,

Philadelphia, PA, USA) was injected by amicropipette usingQuintessential Stereotaxic Injector (Stoelting Europe, Dublin, Ireland). The

pipette was held in place for 3-5 min after the injection before being slowly retracted from the brain. To optimize comparisons across

mice, the following steps were taken: 1) mice were all between 2-3 months old at time of injection, 2) mice of both sexes were used to

determine whether responses were found in both sexes, 3) In order to normalize viral expression across cortical regions, different vol-

umes of virus were injected based on the cortical region examined. These injection protocols are detailed in the table below.

Injection protocol for multi-cortical projection investigation.

To study sensorimotor cortical input to non CLA-ACC cells, 3mice were injected with the ChR2 into both ipsilateral visual and audi-

tory cortices and 2mice were injected with ChR2 into both the somatosensory and contralateral motor cortices. To study insula input

to the claustrum, a small craniotomy window was made to target virus injection to the insula. The coordinates used were adjusted

according to each animal to correspond with the following coordinates on the Paxinos and Franklin Mouse Atlas: 0.7 mm anterior to

bregma, 2.9 mm lateral to the midline and 3.75 mm. 100 nL of anterograde ChR2 virus (AAV2-CaMKIIa-hChR2(H134R)-EYFP, Addg-

ene 26969; Penn Vector Core, Philadelphia, PA, USA) was delivered at a rate of 200 nL/min, these coordinates would target layer 5 of

the insula. To target layer 2/3 of the insula the injection site was moved 3.1 mm to the midline. The pipette was held in place for 3 min

after the injection before being slowly retracted from the brain. Post-injection analgesics were given (0.03 mg/kg buprenorphine). An

injection was deemed successful if visual inspection of slices showed that the injection avoided the PV-rich core and around 50 mmof

the putative shell region.

To investigate co-labeling of projection neurons, red retrograde beads and green beads were injected into different cortical regions

at the speed of 100 nL/min and a volume of 300 nL per craniotomy, up to three craniotomies per cortical region were made. The

pipette was held in place for 5 min after the injection before being slowly retracted from the brain. The specific injection protocols

are detailed in the table below.

Injection protocol and cell counts for co-labeling of projection neurons.

Retrograde Bead Injection Parameters Cell Counts

Cortical Site (Red-Green)

Red Beads Green Beads Number

of Mice

Red Beads

Only

Green

Beads Only

Co-

labeledL-M A-P D-V L-M A-P D-V

ACC-Auditory Cortex �0.3 1.2 �1.6 �3.6 �1.9 �2 4 523 67 10

�0.3 0.5 �1.3 �3.7 �2.7 �2.5

�3.8 �3.4 �2.5

ACC-Visual Cortex �0.3 1.2 �1.6 �2.4 �2.1 �1.2 5 798 145 25

�0.3 0.5 �1.3 �3 �2.8 �1.3

�2.5 �3.5 �1.3

ACC-Somatosensory

Cortex

�0.3 1.2 �1.6 �3.2 0.5 �2.2 6 718 121 13

�0.3 0.5 �1.3 �2.7 �0.4 �1.5

ACC-Motor Cortex �0.3 1.2 �1.6 �1.3 1.8 �1.1 5 830 295 45

�0.3 0.5 �1.3 �1.1 1.1 �1.1

ACC-Retrosplenial Cortex �0.3 1.2 �1.6 �0.3 �1.3 �1.2 5 990 116 130

�0.3 0.5 �1.3 �0.2 �1.8 �0.7

ACC- Orbitofrontal Cortex �0.3 1.2 �1.6 �1 2.8 �2.5 6 813 78 65

�0.3 0.5 �1.3 �1 2.2 �2.7

(Continued on next page)
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Brain slice preparation
Mice were sacrificed at least 20 days following injections and used for slice 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 mm thick, were cut (Leica VT 1000S, Wetzlar, Germany), then transferred to a

35�Cwater bath for one 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 subsequently removed from the water bath and kept at room temperature (22 – 24�C). Slices were

subsequently transferred for experiments into a bath artificial CSF solution with 10 mM of gabazine and were kept for no longer than

10 h after the brain was sliced.

Whole-cell patch clamp recordings
Whole-cell patch recordings were obtained at 35 ± 0.5�C. Glass electrodes were pulled with a micropipette puller (P-97, Sutter In-

struments) and had resistances of 7–9 MU. They contained (in mM) 130 K-gluconate, 5 KCl, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10

Na2-phosphocreatine and in some experiments 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 100 mm between somata.

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

board. Data were acquired and analyzed using IGOR Pro (WaveMetrics). Responses with latencies longer than 5ms or temporal jitter

standard deviation larger than 0.5ms [81, 82] were assumed to be polysynaptic and therefore were excluded from statistical analysis.

An additional method used for distinguishing between monosynaptic and polysynaptic responses was the bath application of tetro-

dotoxin (TTX, 1 mM) and 4-Aminopyridine (4AP, 100 mM), as previously described [38].

Claustrum identification
In experiments in which adult C56/BL6J mice were used, the claustrum was identified by retrograde beads injected into the ACC.

Such retrograde bead labeling was previously shown [7] to localize in the claustrum core and were used therefore to identify the

claustrum. Where PV transgenic mice were used, the claustrum was identified via the enriched neuropil region between the striatum

and insula.

Photostimulation
Photostimuli were generated by a blue LED (1 Watt power, 465 nm wavelength) 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 of light flash duration and intensity. The maximal light power as measured directly under the objective lens

was 1.35 mW. Unless otherwise stated, light intensity was roughly 50% of the maximal value. Short light flashes (2 ms duration, 8

pulses at 10 Hz, followed by a single 2 ms light flash after another 500 ms) were delivered to evoke postsynaptic responses in neu-

rons; these responses were recorded with the patch pipette. Light trains were repeated at least 20 times, at 10 s intervals; responses

were considered to arise from aChR2-expressing synaptic input if the response occurred at a consistent time after photostimulation.

Confocal imaging
In some experiments, slices used for whole-cell patch recording were fixed in Lana’s fixative (4% PFC with picric acid) to image the

cortical injection sites for post hoc confirmation. Slices were fixed overnight and subsequently washed in PBS 6 times, for 10 min

each wash. Slices were then mounted on a glass slide with 70% glycerol and DABCO mounting medium. In cases where the exper-

iment included 0.3% Neurobiotin, slices incubated in Cy5 (1:1000 with PBS) for at least 72 h prior mounting on a slide. Confocal im-

ages were acquired using confocal microscopy (Zeiss LSM 510).

Continued

Retrograde Bead Injection Parameters Cell Counts

Cortical Site (Red-Green)

Red Beads Green Beads Number

of Mice

Red Beads

Only

Green

Beads Only

Co-

labeledL-M A-P D-V L-M A-P D-V

Auditory-Visual �3.6 �1.9 �2.1 �2.4 �2.1 �1.2 3 355 59 34

�3.7 �2.7 �1.6 �3 �2.8 �1.3

�3.9 �3.4 �2.5 �2.5 �3.5 �1.3

Auditory-Somatosensory �3.6 �1.9 �2 �3 1.2 �2.3 4 285 71 27

�3.7 �2.7 �2.5 �3.1 0.5 �2.5

�3.9 �3.4 �2.5 �3 �0.6 �1.5

Motor-Somatosensory �1.5 2 �1.6 �3 1.2 �2.3 3 365 97 39

�1.5 1.2 �1.6 �3.1 0.5 �2.5

�1.2 0.5 �1.4 �3 �0.6 �1.5
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Co-labeled CLA-ACC neurons
To ensure that cell counting was robust and decrease false negative/positive rates, the injected mice were processed in two ways:

thin cryostat slices and thick brain slices. Every experimental condition included at least one mouse processed by thin or thick

methods. Mice used for thin cryostat slices received an overdose of sodium pentobarbital (200 mg/kg I.P.), and transcardially

perfused with 4%PFA in 0.01M PBS. The brain was removed and kept for additional 2 h in the 4%PFA, after which it was transferred

to 0.01MPBS. A day before sectioning, the brain was transferred to and kept in 12%sucrose solution in 0.01MPBS. Coronal slices of

16 mm cryo-sections were prepared from the region between 1.7 mm anterior to 1.2 mm posterior to bregma on a cryostat (Microm

HM 560). Slices were subsequently mounted on gelatin coatedmicroscope slides and imaged under a widefield fluorescence micro-

scope (Olympus BX51), with 10x and 20x objectives and post processed on ImageJ software. Mice used for thick brain slice counting

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, 350 mm thick, were cut (Leica VT 1000S,

Wetzlar, Germany), fixed overnight in Lana’s fixative (4% PFC with picric acid) and subsequently washed in PB 6 times, for

10 min each wash. Slices were cleared using ‘‘CUBIC Reagent 1’’ (25 wt% urea, 25 wt% N,N,N0,N0-tetrakis(2-hydroxypropyl) ethyl-
enediamine and 15 wt% polyethylene glycol mono-p-isooctylphenyl ether/Triton X-100) overnight [83–85]. After 6 washes in PB for

10 min each wash. Slices were counter stained with 1:4000 DAPI: PB for 10 min. Slices were then rewashed in PB and submerged in

‘‘CUBICReagent 2’’ (50wt% sucrose, 25wt%urea, 10wt%2,20,200-nitrilotriethanol and 0.1% v/v%Triton X-100) for further clearing

and then mounted on gelatin coated microscope slides. Confocal images were acquired using confocal microscopy (Zeiss LSM 510,

Stockholm, Sweden) using 10 and 20x objectives and analyzed using Carl Zeiss ZEN software. In both cases, a double-blind

approach was taken in which the labeling of retrieved brains was coded and then randomized for the imaging session prior to manual

cell counting.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in GraphPad Prism QuickCalcs Online and are reported together with the specific statistical

test as well as the value and description of the number of recorded cells (n) in the figure legends. For parametric data, t test was per-

formed after datasets passed the Shapiro-Wilk test for normality. Results are presented in the text as mean ± SEM. For non-para-

metric data, chi-square test were performed on the dataset, for small samples sizes (n < 3), Fishers Exact test Statistical significance

is defined as * p < 0.05, ** p < 0.01, and *** p < 0.001, if not noted otherwise.
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