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The claustrum is an intriguing brain structure, featuring

the highest connectivity per regional volume in the brain.

It is a thin and elongated structure enclosed between the

striatum and the insular cortex, with widespread recipro-

cal connections with the sensory modalities and prefron-

tal cortices. Retinotopic and somatotopic organizations

have been described in the claustrum, and anatomical

studies in cats, monkeys, and rats have demonstrated

topographic organization of cortico-claustral connections.

In this study we mapped the projections from cortical

modalities (visual, auditory, somatosensory, motor, and

olfactory), and prefrontal regions (anterior cingulate

cortex and orbitofrontal cortex) to the claustrum in mice.

Utilizing expression of a virally encoded synaptic antero-

grade tracer, AAV-SynaptoTag, followed by 3D recon-

struction of the cortical projections, we performed a

comprehensive study of the organization of these projec-

tions within the mouse claustrum. Our results clearly

demonstrate a dorsoventral laminar organization of pro-

jections from the sensory cortices to the claustrum,

whereas frontal inputs are more extensive and overlap

with the inputs from the sensory cortices. In addition, we

find evidence supporting a core/shell organization of the

claustrum. We propose that the overlap between the fron-

tal inputs and the inputs from the sensory modalities may

underlie executive regulation of the communication

between the claustrum and the cortical modalities. J.

Comp. Neurol. 000:000–000, 2016.
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The claustrum, a thin elongated sheet of neurons

located between the insular cortex and the striatum, is the

most interconnected structure in the brain per regional vol-

ume (Torgerson et al., 2015). The claustrum has been

reported to display prominent reciprocal connectivity with

essentially the entire cerebral cortex (Narkiewicz, 1964;

Riche and Lanoir, 1978; Sanides and Buchholtz, 1979;

Olson and Graybiel, 1980; LeVay and Sherk, 1981a,b;

Macchi et al., 1981, 1983; Sherk and LeVay, 1981a,b,

1983; Pearson et al., 1982; Carey and Neal, 1985, 1986;

LeVay, 1986; Sloniewski et al., 1986; Grieve and Sillito,

1995; Sadowski et al., 1997; Beneyto and Prieto, 2001;

Tanne-Gariepy et al., 2002; Alloway et al., 2009; Smith and

Alloway, 2010, 2014; Park et al., 2012; Smith et al., 2012;

Druga, 2014; Milardi et al., 2015). The broad cortical con-

nections of the claustrum suggest it might serve as a net-

work hub, coordinating activity of the cortical circuitry

(Zingg et al., 2014). However, the anatomical structure of

the claustrum is restrictive for functional perturbations,

leaving the function of the claustrum a mystery.

Excitation of the different sensory modalities elicits

responses in claustral neurons, which typically exhibit a

low firing rate in the absence of stimuli (Segundo and

Machne, 1956; Olson and Graybiel, 1980; Sherk and

LeVay, 1981b; Remedios et al., 2010). While some stud-

ies have described multimodal responses in the claus-

trum (Segundo and Machne, 1956; Spector et al., 1974;

Clarey and Irvine, 1986), other studies (Olson and

Graybiel, 1980; Sherk and LeVay, 1981b; Remedios

et al., 2010) failed to find multimodal cells in the claus-

trum, but rather found clear-cut regional specialization.
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This leaves open the issue of whether claustral neurons

integrate or segregate sensory information, a crucial

issue for understanding the function of the claustrum.

The responses of claustral neurons to visual stimula-

tion display a retinotopic organization in cats (Olson and

Graybiel, 1980; LeVay and Sherk, 1981b; Sherk and

LeVay, 1981b). Similarly, auditory-responsive claustral

neurons in both cats and primates have been found to be

loosely tuned and display broad receptive fields, respond-

ing preferentially to the onset of a stimulus (Olson and

Graybiel, 1980; Clarey and Irvine, 1986; Neal et al., 1986;

Beneyto and Prieto, 2001; Remedios et al., 2010, 2014).

Somatosensory responses have also been reported in the

claustrum of cats, with reports of somatotopic organiza-

tion (Spector et al., 1970, 1974; Olson and Graybiel,

1980).

Numerous studies in the past half-century have

addressed the organization of inputs into the claustrum

of monkeys, cats, rabbits, and rats (Sanides and Buch-

holtz, 1979; LeVay and Sherk, 1981b; Sherk and LeVay,

1981b; Witter et al., 1988; Kowianski et al., 1998;

Mathur, 2014). The anatomy corresponds well with the

physiological studies, such that different cortical inputs

map to segregated domains within the claustrum. Thus,

both rostrocaudal and dorsoventral segregation have

been proposed for the claustrum, albeit with a high

degree of overlap. The claustrum also displays asym-

metric reciprocal connectivity with the cortex, such that

a given cortical modality receives input not only from

its corresponding sensory zone in the claustrum, but

from adjacent claustral regions as well. This asymmetry

suggests that a given sensory zone in the claustrum

may exert influence on additional cortical regions

beyond those which innervate it (Narkiewicz, 1964;

Norita, 1977; Riche and Lanoir, 1978; Olson and

Graybiel, 1980; LeVay and Sherk, 1981b; Macchi et al.,

1981, 1983; Sherk and LeVay, 1981b; Pearson et al.,

1982; Carey and Neal, 1985; Minciacchi et al., 1985;

Carey and Neal, 1986; Li et al., 1986; Sloniewski et al.,

1986; Sadowski et al., 1997; Beneyto and Prieto, 2001;

Tanne-Gariepy et al., 2002; Alloway et al., 2009; Smith

and Alloway, 2010; Park et al., 2012; Zingg et al.,

2014; Milardi et al., 2015).

The dorsoventral axis appears to be the prominent axis

along which inputs are organized in the rat, rabbit, cat,

and primate (Olson and Graybiel, 1980; Sadowski et al.,

1997; Kowianski et al., 1998; Remedios et al., 2010). The

ventral region of the primate claustrum has been associ-

ated with vision and the central region of the claustrum

with audition. In the cat, the dorsoventral axis also

appears dominant, but a reversed spatial order is found,

such that the visual claustrum of the cat is found in the

dorsal section of the claustrum, receiving convergent

input from several ipsilateral visual cortical areas, and

projecting back to these same areas (Sanides and

Buchholtz, 1979; LeVay and Sherk, 1981a,b; LeVay,

1986; Smith and Alloway, 2014). Inputs from auditory

cortex to the cat claustrum concentrate in the center of

the dorsoventral axis, throughout the rostrocaudal axis,

and are primarily ipsilateral. Interestingly, the auditory

region in the cat claustrum appears to receive inputs

from several distinct auditory cortical regions (Neal et al.,

1986; Beneyto and Prieto, 2001). Somatosensory inputs

have been described in the dorsal part of the cat and

primate claustrum, as have somatomotor inputs in rats

and mice (Olson and Graybiel, 1980; Sadowski et al.,

1997; Kunzle and Radtke-Schuller, 2001; Smith et al.,

2012; Smith and Alloway, 2014; Zingg et al., 2014). In

contrast to the segregation described for inputs from the

sensory modalities within the claustrum, inputs from the

prefrontal cortex and anterior cingulate cortex have been

found to extend along the dorsoventral axis of the claus-

trum (LeVay and Sherk, 1981b; Reser et al., 2014; Sherk,

2014). The output from the claustrum to the cortex has

also been demonstrated to portray a dorsoventral organi-

zation in the rat (Sadowski et al., 1997), with a dorsal

sensorimotor zone and a ventral visuoauditory zone. In

contrast, a recent study in rats found that claustral neu-

rons projecting to different sensory cortices localized to

discrete zones, but a topographical organization could

not be discerned (White et al., 2016).

The mouse is the leading animal model for the major-

ity of contemporary neurophysiological and behavioral

studies. Albeit the availability of multiple resources for

gene expression and connectivity mapping (e.g. the

Allen Brain Atlas, http://mouse.brain-map.org; Mouse

Connectome Project http://www.mouseconnectome.

org; Waxholm Space Atlas), the mouse has been almost

completely neglected in terms of investigation of claus-

tral anatomy, with only two studies published in which

projections to the claustrum have been considered

(Zingg et al., 2014; Smith and Alloway, 2014). With the

reinvigoration of excitement around the claustrum

(Crick and Koch, 2005; Mathur, 2014; Goll et al.,

2015), it has become urgent to map the cortical inputs

to the claustrum in the mouse, in anticipation of func-

tional studies applying the variety of molecular tools

available for neurophysiological research in mice.

In this study we set out to map the projections from

cortical modalities and association regions onto the

claustrum of the mouse. Applying a molecular strategy to

anterogradely label presynaptic terminals from defined

cortical projections to the mouse claustrum, followed by

3D reconstruction of the cortical projections, we provide

a comprehensive and detailed view of the organization of

these projections in the claustrum of the mouse.
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MATERIALS AND METHODS

Animals
The mice used for connectivity analysis were female

wildtype C57BL6 mice aged 6–8 weeks (n 5 17).

PV-CRE;Ai9 mice (12-week-old females; n 5 2) were

used to address the core/shell organization of the

claustrum. PV-CRE;Ai9 are PV-CRE knock-in mice

crossed to the Ai9 line for conditional (CRE-dependent)

expression of tdTomato (Madisen et al., 2010) and

were kindly provided by Prof. Adi Mizrahi. Mice were

kept on a 12-hour light-dark cycle in a specific

pathogen-free (SPF) animal facility with free access to

food and water. All experimental procedures, handling,

surgeries, and care of laboratory animals used in this

study were approved by the Hebrew University Animal

Care and Use Committee.

AAV viral vector
An AAV viral construct encoding mCherry-IRES-eGFP-

Syb2 under the regulation of the synapsin promoter was

used to label the cytoplasm of presynaptic neurons (in

red) as well as target an enhanced green fluorescent pro-

tein (eGFP) to synapses via its fusion to the synaptic vesi-

cle protein, Synaptobrevin 2/VAMP2. This construct, a

gift from Dr. Wei Xu (UT Southwestern Medical Center)

has been previously described (Xu and Sudhof, 2013).

AAV production
AAV viruses were packaged into the AAV-DJ capsid

for high efficiency in vivo neuronal infection (Xu et al.,

2012; Xu and Sudhof, 2013) in the virus core facility at

the Edmond and Lily Safra Center for Brain Sciences.

Briefly, AAV vectors were generated by linear polyethy-

lenimine (PEI)-mediated triple transfection of AAV trans-

fer vector, RC-DJ, and adenovirus helper plasmids into

HEK 293T cells. Seventy-two hours posttransfection,

both cells and culture supernatants were separately

harvested. In order to release the AAV vectors, the cells

were subjected to three successive freeze–thaw cycles,

then treated by benzonase and sodium deoxycolate at

378C for 1 hour and precleared by centrifugation. The

clarified cell lysates were pooled together with previ-

ously collected culture supernatants and AAV vectors

were precipitated from the combined fractions by 40%

PEG/2.5M NaCl incubation at 48C for 2 hours with

occasional agitation. The precipitated virus pellet was

resuspended into HEPES buffer at 48C overnight and

further purified by affinity chromatography, using HiTrap

Heparin HP columns (GE Healthcare, Milwaukee, WI)

and finally desalted and concentrated by ultrafiltration,

using Amicon Ultra-15 centrifugal filter units (Millipore,

Bedford, MA).

Stereotactic surgery and virus injections
Mice were anesthetized by IP injection of ketamine (75

mg/kg) and medetomidine (1 mg/kg), and then secured

in a stereotaxic apparatus (David Kopf Instruments,

Tujunga, CA). Following incision of the scalp, a small hole

was made in the skull using a fine drill burr (model

78001, RWD Life Science, San Diego, CA) and a microsyr-

inge (33GA Hamilton syringe, Reno, NV) loaded with the

virus was lowered into the intended brain region. The viral

tracer was injected unilaterally at 50–100 nl/min via a

UltraMicroPump (World Precision Instruments, Sarasota,

FL), following which the microsyringe was left in the tis-

sue for 5–10 minutes after the termination of the injec-

tion before being slowly retracted. Finally, the incision

was glued with bioadhesive and the animals were

injected with saline (for hydration), antisedan (to negate

the anesthesia), and rimadyl (analgesia) and recovered

with gentle heating. Coordinates for stereotactic injection

were based on the Paxinos and Franklin (2013) mouse

brain atlas, and are defined in Table 1.

Histology and immunohistochemistry
Mice were sacrificed 4–8 weeks after surgery by anes-

thesia with 5% isoflurane, followed by rapid decapitation.

Brains were removed and fixed in 4% paraformaldehyde

(PFA) overnight at 48C. On the following day, brains were

thoroughly rinsed in a 0.9% NaCl phosphate-buffered saline

(PBS) solution and sectioned on a Vibratome (7000 smz-2)

at 60 lM thickness in the coronal plane. Two series of sec-

tions were collected from each brain, resulting in two cop-

ies of brain slices at 120 lm apart, corresponding to the

TABLE 1.

Injection Sites for All Mice

Mouse #

Stereotaxic coordinates

of injection center

(LM, RC, DV)

Injected

SynaptoTag

volume (nl)

Ol#1 0.5,12.8,23.75 50
Ol#2 1.6, 12.8,23.75 50
Fr#1 0.25,11.1,21.75 350
Fr#2 0.25,11.1,21.75 100
Fr#3 1, 2.55,22.4 200
Fr#4 1, 2.55,22.4 200
Fr#5 1, 2.55,22.4 200
Sm#1 1.8, 11.33,21.5 300
Sm#2 1.8, 11.33,21.5 300
Sm#3 3.2,20.5,21.7 300
Au#1 4,22.8,22.6 300
Au#2 3.8,22.46,22.3 100
Au#3 4,22.3,22.75 100
Au#4 3.8,22.7,21.8 250
Vi#1 2.25, 23.4,21.1 300
Vi#2 2.25, 23.4,21.1 300
Vi#3 3.25,23.64,21.8 200
PV–Cre;Ai9 Au 4,22.8,22.6 300
PV–Cre;Ai9 Fr 1, 2.55,22.4 200

Mouse cortico-claustral projections
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division of the mouse brain atlas (Pollak Dorocic et al.,

2014).

In order to enhance the eGFP signal, floating section

immunohistochemistry was performed. Sectioned brain

slices were washed twice in PBS, followed by blocking

in 3% normal horse serum and 0.3% Triton X-100 in

PBS for 1 hour. Sections were then incubated overnight

at 48C in a rabbit anti-GFP primary antibody (Life Tech-

nologies, Bethesda, MD; catalog No. A-6455; final dilu-

tion to 1:500 in 3% normal horse serum, see Table 2).

Sixteen hours later the sections were washed three

times in PBS. Washes were followed by 2 hours of incu-

bation at room temperature with donkey antirabbit IgG

H&L Alexa Fluor 488 (Abcam, Cambridge, UK; catalog

No. Ab150065; final dilution 1:500) in 3% normal horse

serum. Finally, the sections were washed three times in

PBS and then counterstained with 40,6-diamidino-2-phe-

nylindole (DAPI; Roche, Nutley, NJ; Cat. No. 10-236-

276; final dilution 1:1,000 in PBS) to detect cell nuclei

and then quickly washed twice, mounted onto slides,

and covered. Special care was taken to mount sections

in the order they were sectioned, thereby providing

context for the anatomical location of each slice along

the anterior–posterior axis.

Image acquisition
Slides were scanned on a high-speed fully motorized

multichannel light microscope (Olympus IX-81) in the

microscopy unit of the Alexander Silberman Institute of

Life Sciences. Virus injection sites were photographed

at 43 magnification in the red channel (NA 5 0.16;

excitation 555 6 25 nm, emission 605 6 52 nm) in

order to document mCherry expression. Exposure times

were kept constant within each brain series and were

selected so that single infected cells at the center of

the injection site would be readily discernable. Brain sli-

ces containing the claustrum were imaged at 103 mag-

nification (NA 5 0.3; excitation 490 6 20 nm, emission

525 6 36) using low gain. Green channel exposure

times were selected such that the fluorescent signal in

the region of the claustrum would provide single

puncta resolution, potentially corresponding to individ-

ual synapses. Settings were kept constant within each

brain series. Corresponding DAPI images were

acquired using excitation filters of 350 6 50 nm,

emission 455 6 50 nm.

Image digitization and analysis
In order to create a 3D reconstruction of the mouse

brain, we constructed a stack of 96 binary images from

the 96 corresponding plates in the Paxinos and Franklin

mouse brain atlas (2013) (figures 25, 32, 39 of the

atlas were excluded).

Individual brain slices containing the claustrum were

matched to the appropriate section in the atlas using

nearby anatomical markers (landmarks included the

location and orientation of the external capsule and

anterior commissure, the size and orientation of the

ventricles, and the shape and orientation of the piriform

cortex) as well as more nuanced cues obtained from

the size, density, and orientation of DAPI-stained nuclei

and the annotation of adjacent (preceding and proceed-

ing) sections. This methodology of matching of slices to

the atlas with multiple references, including consistent

matching across slices to maintain a reference in the

rostral-caudal axis, was also helpful in correcting for

tilts that occur in the plane of sectioning. In almost all

cases, the anatomical definition of the claustrum was

verified by at least two independent investigators. The

anatomical boundaries of the claustrum were then over-

laid onto the fluorescent image and the spread of

infected cells and labeled projections was digitized

using a 3 3 3 pixel sized brush (corresponding to �22

microns). This provided a binary representation in 3D

space of the injection site and the location of projec-

tions in the claustrum. A similar stack, in which the

contour of the claustrum was completely filled in, was

used to represent the form of the claustrum (Fig. 1).

Digitization and stack creation was performed using

ImageJ (NIH open source, Bethesda, MD). Digitized

stacks were converted into 3D objects using Imaris (v.

7.6.5. Bitplane, Zurich, Switzerland), and were overlaid

to create projection maps (Fig. 1). It is important to

note that our method of analysis focused solely on the

anatomical spread of cortical terminals in the claus-

trum, and thus, the intensity of the signal, as well as

fine details of the synaptic organization, were not repre-

sented in the digitization.

Figures were prepared using Photoshop, Illustrator,

and InDesign (Adobe CS6, San Jose, CA). Figures show-

ing stained brain tissue were adjusted using a uniform

brightness/contrast mask created in linear-mode in

Photoshop, and applied consistently to all slices within

TABLE 2.

Primary Antibody used in the Experiment

Antigen Description of immunogen Source, host species, Cat. #, RRID Concentration used

GFP GFP isolated from
Aequorea victoria

Life Technologies, Rabbit polyclonal,
# A-6455, AB_221570

1:500 dilution

G. Atlan et al.
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a single brain. For presentation, in cases where a slice

was unusually uniformly dark compared to its neighboring

slices, separate adjustments of brightness/contrast were

performed in order to achieve a consistent level of base

fluorescence within each figure. Images were then scaled

or cropped. In one case (Vi#1), dust speckles were digi-

tally removed from the image in Photoshop. All digitiza-

tion was performed on raw, nonadjusted images.

RESULTS

3D reconstruction of cortical synaptic
inputs to the claustrum

To study the organization of cortical synaptic inputs

within the claustrum, we made use of an AAV virus

expressing a bicistronic cassette under the control of the

synapsin promoter (“SynaptoTag”). The SynaptoTag vector

expresses a soluble red fluorescent protein (mCherry) to

label infected neurons and their processes, as well as an

enhanced green fluorescent protein fused to the synaptic

vesicle protein VAMP2/synaptobrevin-2 (eGFP-Syb2)—

labeling synaptic terminals of these neurons at their pro-

jection sites (Xu and Sudhof, 2013). Synaptic terminals

were visible when they converged in a defined anatomical

location, such as the claustrum. However, as the virus

expresses eGFP as a fusion construct of Syb2, in a bicis-

tronic cassette, the strength of the eGFP signal is limited.

Antibody staining against eGFP provided specific amplifica-

tion of the signal, resulting in clear and prominent labeling

of terminals within the claustrum. This approach, com-

bined with DAPI staining, allowed the use of anatomical

markers to match brain slices to specific plates in the

mouse brain atlas. Digitizing this signal enabled registra-

tion of the coordinates of the synaptic input to the claus-

trum from each cortical site, from which a 3D

reconstruction was compiled. Overlaying these 3D recon-

structions enabled investigation of the relative location

and spread of each cortical input to the claustrum (Fig. 1).

In order to map the cortical inputs to the claustrum,

17 mice were injected with the AAV-SynaptoTag virus

in five different classes of cortical regions: visual (Vi#1-

3), auditory (Au#1-4), somatomotor (Sm#1-3), olfactory

(Ol#1-2), and prefrontal (Fr#1-5) (see Table 1 for injec-

tion coordinates and volumes). Two additional mice, of

the PV-Cre; Ai9 strain, underwent injections to auditory

or prefrontal cortex in order to study the spread of

these inputs in relation to the PV-rich core of the claus-

trum. The vast majority of labeled cells were located in

cortical layer 5, as well as layers 2/3. Our analysis

focused on the anatomical spread of labeled synapses

in the claustrum. We describe the organization of inputs

to the claustrum from the sensory cortices and prefron-

tal regions in mice, and discuss the organizational prin-

ciples emerging from this study.

Visual inputs to the claustrum
We studied the inputs from visual areas to the claus-

trum in three mice (Fig. 2). Two injections, in mice Vi#1

Figure 1. Experimental strategy for mapping cortical projections to the claustrum. (A) Top: scheme of the AAV-SynaptoTag vector for

anterograde tracing. Neurons infected with AAV-SynaptoTag express mCherry throughout the cell, while their efferent presynaptic boutons

are labeled with eGFP, due to the fusion to the synaptic vesicle protein Synaptobrevin2/VAMP2 (Syb2). Bottom: illustration of the cortical

injection site expressing cytoplasmic red fluorescence, as well as presynaptic terminals in the claustrum labeled in green fluorescence,

defining an innervated subregion within the claustrum. (B) Digitization method. Left: high-magnification image of the claustrum demonstrat-

ing projections from the auditory cortex following immunohistochemistry to enhance the eGFP signal. The dotted line represents the out-

line of the claustrum as defined in the corresponding panel from the Paxinos and Franklin brain atlas. Right: binary image following

digitization of the signal corresponding to the projections within the claustrum. (C) Example of the 3D reconstruction of the mouse brain

and claustrum, with projections from auditory cortex (green). Reconstructed models were built from overlaying three separate binary image

stacks: one consisting of the atlas panels with no signal (blue outline), one of the entire claustrum (gray), and one of the digitized signal

of the projections to the claustrum (green).

Mouse cortico-claustral projections
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Figure 2. Projections from the visual cortex to the claustrum. (A) Top left: coronal section corresponding to the AAV-SynaptoTag injection

site in the primary visual cortex of mouse Vi#1; DAPI nuclear staining in blue; mCherry expression in red. Number indicates distance in

mm from Bregma. Bottom left: reconstructed 3D view of the spread of the infection, as seen from the side. Bottom right: injection site as

seen from above. Top right: angular view of the injection site. (B) Representative brain sections in rostrocaudal order. Middle: whole sec-

tion images of visual cortical projections following immunostaining against eGFP. Numbers indicate distance from Bregma in mm. Side

panels: ipsilateral (left) and contralateral (right) claustrum. (C) 3D reconstruction of the target region in the claustrum. Top left and right

panels: angular view of the whole brain and overlay of the ipsilateral claustrum and contralateral claustrum, respectively. Bottom left:

reconstructed fluorescent signal in the ipsilateral claustrum. Bottom right: reconstructed fluorescent signal in the contralateral claustrum.

The gray background is the outline of the reconstructed claustrum. (D) 3D superposition of all mice injected with AAV-SynaptoTag to the

visual cortex (Vi#1, Vi#2, Vi#3). Different color hues refer to individual mice according to the legend, enabling a comparison of individual

injections and their projection to the claustrum. Left: reconstruction of the innervated region in the ipsilateral claustrum. Middle: angular

view of the spread of each infection in the site of origin. Right: reconstruction of the innervated region in the contralateral claustrum.

G. Atlan et al.
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and Vi#2, were to the rostral primary visual cortex.

Infected cells were entirely localized to the primary vis-

ual cortex, with a broader domain of infection in mouse

Vi#1 than in mouse Vi#2. Mouse Vi#3 was injected in

the lateral area of the secondary visual cortex. The ros-

tral part of the infection site in this case included a

small number of labeled cells in the dorsal secondary

auditory cortex. In accordance with previously published

data, visual inputs were found in the dorsomedial stria-

tum and the anterior cingulate cortex (Khibnik et al.,

2014; Reig and Silberberg, 2014; Zingg et al., 2014).

Primary visual inputs, observed in the claustrum of

mice Vi#1 and Vi#2, were relatively sparse, exclusively

ipsilateral, extended across the rostrocaudal axis, and

were focused within the middle third of the claustrum

in its dorsoventral axis. In contrast to the sparse signal

observed in mice Vi#1 and Vi#2, dense ipsilateral sig-

nals were observed in mouse Vi#3, whose injection

was primarily within the secondary visual area. The

innervation from the secondary visual cortex was also

more widespread than that arising from primary visual

inputs, and extended to the ventral half of the claus-

trum, as well as labeling the contralateral claustrum

(Fig. 2).

Auditory inputs to the claustrum
We studied the auditory inputs to the claustrum in

four mice (Fig. 3). In two of the mice (Au#1, Au#2) the

infected cells were found within A1 (primary auditory

cortex) and AuD (secondary auditory cortex dorsal),

with the region infected in mouse Au#2 comprising a

smaller population of neurons. In mouse Au#3, we

observed infected cells in A1 and AuV (ventral second-

ary auditory cortex). In mouse Au#4 the infection was

confined to the dorsal field of the secondary auditory

cortex.

In all mice, labeled terminals were found in the

medial striatum, a major target of the auditory cortex

(McGeorge and Faull, 1989), as well as in medial orbito-

frontal cortex (data not shown) (Zingg et al., 2014).

Inputs from auditory cortex to the claustrum were pri-

marily ipsilateral, such that in mouse Au#4, which was

infected in the dorsal secondary auditory area, the fluo-

rescent signal was detected only in the ipsilateral claus-

trum, while in mice Au#1 and Au#3 some contralateral

signal was observed, but it was much less prominent

than the ipsilateral projection (mouse Au#2 had a rela-

tively small number of infected cells and no contralat-

eral fluorescence was observed). The signal in the

ipsilateral claustrum extended the entirety of its rostro-

caudal axis in all four mice. In the dorsocaudal axis it

covered the central and ventral portions of the claus-

trum, excluding its dorsal third.

Somatomotor inputs to the claustrum:
We compared inputs from primary motor cortex and

primary somatosensory cortex to the claustrum in three

mice. Two of the injections, in mice Sm#1 and Sm#2,

were to the motor cortex and one was to the somatosen-

sory cortex (Figs. 4–6).

Motor cortex
In mouse Sm#1, infected cells were spread throughout

a large part of primary motor cortex, with a few cells

infected in M2, while in mouse Sm#2 a smaller number

of neurons were infected, centered in M1. In both

cases, fluorescent signals were found across the stria-

tum and the thalamus, as well as in the contralateral

M1, compatible with previous reports (Beier et al.,

2013; Zhou et al., 2013). In both mice, eGFP-labeled

inputs to the claustrum were localized to its dorsal tip.

Fluorescently labeled terminals were relatively sparse

and almost exclusively contralateral to the injection

site, appearing to emerge from the corpus callosum

and invading the claustrum from its dorsal aspect

(Fig. 4).

Somatosensory cortex
A single mouse, Sm#3, was injected in the primary

somatosensory cortex. In accordance with previously

published data, fluorescent signals indicating somato-

sensory inputs were found in contralateral S1, the

dorsolateral striatum, and primary motor cortex (Zhou

et al., 2013; Khibnik et al., 2014; Reig and Silberberg,

2014; Petrof et al., 2015). Fluorescent signals were

found bilaterally in the dorsal aspect of the claustrum,

albeit more prominent on the ipsilateral side. Interest-

ingly, this feature is graded along the rostrocaudal axis:

while in the rostral part of the claustrum the signal is

exclusively ipsilateral, in its caudal part the signal

becomes bilateral, although still more prominent on the

ipsilateral side (Fig. 5).

Overlaying the inputs to the claustrum from motor

cortex and somatosensory cortex, it is clear that these

inputs overlap in the dorsal most part of the claustrum.

Yet the somatosensory inputs are mainly ipsilateral,

while the motor inputs are more prominent contralater-

ally (Fig. 6).

Olfactory projections to the claustrum
We studied olfactory input to the mouse claustrum in

two mice (Ol#1 and Ol#2; Fig. 7). The injection in

mouse Ol#1 infected the caudal end of the olfactory

bulb. Infected cells were spread throughout the medial

olfactory bulb and the medial anterior olfactory cortex

(Fig. 7). A small fraction of infected cells were located

Mouse cortico-claustral projections
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Figure 3. Projections from the auditory cortex to the claustrum. (A) Top left: coronal section corresponding to the AAV-SynaptoTag injec-

tion site in the primary auditory cortex of mouse Au#1; DAPI nuclear staining is shown in blue; mCherry expression in red. Number indi-

cates distance from Bregma in mm. Bottom left: reconstructed 3D view of the spread of the infection, as seen from the side. Bottom

right: injection site as seen from above. Top right: angular view of the injection site. (B) Representative brain sections in rostrocaudal

order. Middle: whole section images of auditory cortical projections following immunostaining against eGFP. Numbers indicate distance

from Bregma in mm. Side panels: ipsilateral (left) and contralateral (right) claustrum. (C) 3D reconstruction of the target region in the claus-

trum. Top left and right panels: angular view of the whole brain and overlay of the ipsilateral claustrum and contralateral claustrum, respec-

tively. Bottom left: reconstructed fluorescent signal in the ipsilateral claustrum. Bottom right: reconstructed fluorescent signal in the

contralateral claustrum. The gray background is the outline of the reconstructed claustrum. (D) 3D superposition of all mice injected with

AAV-SynaptoTag in the auditory cortex (Au#1, Au#2, Au#3, Au#4). Different color hues refer to individual mice according to the legend,

enabling a comparison of individual injections and their projection to the claustrum. Left: reconstruction of the innervated region in the ipsi-

lateral claustrum. Middle: angular view of the spread of each infection in the site of origin. Right: reconstruction of the innervated region in

the contralateral claustrum.
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around the needle tract, in motor and prelimbic corti-

ces. In mouse Ol#2 the injection was centered in the

lateral anterior olfactory cortex, and included some

infected cells in the lateral piriform cortex. In both mice

we found fluorescent signals in the amygdaloid com-

plexes, the olfactory tubercle, the endopiriform nucleus,

and the piriform cortex, all known targets of the olfac-

tory system (Brunjes et al., 2005; Hintiryan et al.,

2012).

Labeled terminals were found in the ventralmost seg-

ment of the claustrum of both mice, indicating that this

region receives inputs from olfactory structures. The

signal originating from olfactory neurons was found in

the claustrum of mouse Ol#1 in both hemispheres, but

was visibly more prominent in the claustrum ipsilateral

to the injection site.

In mouse Ol#2 (rostral olfactory cortex) fluorescent

terminals were found nearly exclusively on the side ipsi-

lateral to the injection. A few labeled terminals were

found in the contralateral claustrum at its caudal end.

Inputs were denser at the ventral end of the claustrum

(Fig. 7). While in principle a portion of the signal in

mouse Ol#1 could originate from a very small prefrontal

contamination, the fact that injections in both the

Figure 4. Projections from the primary motor cortex to the claustrum. (A) Top left: coronal section corresponding to the AAV-SynaptoTag

injection site in the primary motor cortex of mouse Sm#1; DAPI nuclear staining is shown in blue; mCherry expression in red. Number

indicates distance from Bregma in mm. Bottom left: reconstructed 3D view of the spread of the infection, as seen from the side. Bottom

right: injection site as seen from above. Top right: angular view of the injection site. (B) Representative brain sections in rostrocaudal

order. Middle: whole section images of motor cortical projections following immunostaining against eGFP. Numbers indicate distance from

Bregma in mm. Side panels: ipsilateral (left) and contralateral (right) claustrum. (C) 3D reconstruction of the target region in the claustrum.

Top left and right panels: angular view of the whole brain and overlay of the ipsilateral and contralateral claustri, respectively. Bottom left:

reconstructed fluorescent signal in the ipsilateral claustrum. Bottom right: reconstructed fluorescent signal in the contralateral claustrum.

The gray background is the outline of the reconstructed claustrum.

Mouse cortico-claustral projections
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olfactory bulb and the rostral olfactory cortex provide

similar results, enhance confidence in the observation.

Prefrontal projections to the claustrum
In order to address the input from prefrontal cortical

regions, we targeted the anterior cingulate cortex and

orbitofrontal cortex in five mice (Figs. 8, 9). The anterior

cingulate was targeted in mice Fr#1 and Fr#2. The

orbitofrontal cortex was targeted in mice Fr#3, Fr#4,

and Fr#5, at the intersection between the lateral and

ventral orbitofrontal cortex (LO/VO).

Anterior cingulate
Both mice Fr#1 and Fr#2 expressed prominent infec-

tion throughout the anterior cingulate cortex (ACC).

Labeled terminals were found in the retrosplenial cortex

and the dorsal striatum, known targets of the ACC

(Zingg et al., 2014; Guo et al., 2015). The fluorescent

signal originating from ACC neurons was more promi-

nent in contralateral, relative to the ipsilateral, claus-

trum. This was evident in mouse Fr#2, but was less

obvious in mouse Fr#1 (Fig. 8). The distribution of the

input to the claustrum appears not to be uniform along

Figure 5. Projections from the somatosensory cortex to the claustrum. (A) Top left: coronal section corresponding to the AAV-SynaptoTag

injection site in the somatosensory cortex of mouse Sm#3; DAPI nuclear staining is shown in blue; mCherry expression in red. Number

indicates distance from Bregma in mm. Bottom left: reconstructed 3D view of the spread of the infection, as seen from the side. Bottom

right: injection site as seen from above. Top right: angular view of the injection site. (B) Representative brain sections in rostrocaudal order.

Middle: whole section images of somatosensory cortical projections following immunostaining against eGFP. Numbers indicate distance

from Bregma in mm. Side panels: ipsilateral (left) and contralateral (right) claustrum. All the images were treated with the same brightness/

contrast masks. Due to proximity to injection site, brightness adjustments reached saturation, causing reduced visibility of the claustrum

signal. (C) 3D reconstruction of the target region in the claustrum. Top left and right panels: angular view of the whole brain and overlay of

the ipsilateral and contralateral claustri, respectively. Bottom left: reconstructed fluorescent signal in the ipsilateral claustrum. Bottom right:

reconstructed fluorescent signal in the contralateral claustrum. The gray background is the outline of the reconstructed claustrum.
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the rostrocaudal axis, with more terminals found in the

center of the claustrum, and sparser innervation toward

the extremities. The ACC input to the claustrum targeted

the majority of the claustrum along its dorsoventral axis,

excluding the dorsalmost tip and not extending fully to

the ventralmost aspect of the claustrum (Fig. 8).

Orbitofrontal
In mice Fr#3-5, the majority of infected cells were

found in VO/LO, while a small number of infected cells

were identified in the frontal association cortex or the

anterior primary and secondary motor cortices. In all

cases, labeled terminals were found in the dorsal stria-

tum and the basolateral amygdala, as well as in primary

motor cortex, known targets of the ventral orbitofrontal

cortex (Zingg et al., 2014; Zimmermann et al., 2015).

Orbitofrontal terminals in the claustrum were wide-

spread and dense bilaterally, with a slight tendency to

be more prominent in the ipsilateral claustrum (Fig. 9).

In addition to covering the ventral claustrum, a signal

was also present in the dorsal part of the claustrum,

while a region in the center of the claustrum appeared

excluded. Due to the infection spreading to a few cells

in the primary and secondary motor cortex, it is possi-

ble that the motor cortex may be contributing part of

the signal in the dorsal most tip of the claustrum.

In summary, we find heavy inputs from both orbito-

frontal cortex (OFC) and ACC to the claustrum in all

five prefrontal injections. The inputs to the claustrum

from both these inputs are bilateral, albeit having differ-

ent properties. ACC inputs are more limited to the ven-

tral aspect of the claustrum, whereas the OFC inputs

extend further dorsally. Moreover, while OFC inputs

shun a region in the center of the claustrum, the ACC

inputs appear to more heavily target this region. In this

context, it is worth noting that there appears to be a

trend towards mutual exclusion of ACC and OFC inputs,

such that the middle section of the claustrum in the

rostrocaudal aspect is targeted by ACC inputs, while

the OFC input appears to preferentially innervate the

rostral and caudal sections. This observation requires

more direct experimental evidence, which is beyond the

scope of the current study.

Orbitofrontal and auditory projections
exclude an inhibitory “core” in the claustrum

While studying a number of projections to the claus-

trum, we observed that the input to claustrum appeared

to form a “shell-like” structure, whereby fluorescence

was denser in the perimeter of the claustrum, partially

excluding the center of the claustrum in its mediolateral

aspect. This is most apparent when viewing the auditory

inputs to the claustrum (Fig. 3), as well as the olfactory

inputs, which appear to “cup” the claustrum from its ven-

tral aspect (Fig. 7), and the orbitofrontal inputs, which

appear to create a thick “shell” in the perimeter of the

claustrum (Fig. 9). To address this more rigorously, we uti-

lized PV-CRE;Ai9 mice, in which parvalbumin-expressing

interneurons (PV neurons) express a tdTomato transgene.

Injection of the AAV-SynaptoTag virus to the orbitofrontal

or auditory cortices of these mice revealed a clear struc-

ture of an inhibitory “core” of the claustrum, with a small

number of positively labeled parvalbumin cell bodies, and

a dense mesh of tdTomato-labeled neurites, surrounded

by a eGFP-labeled “shell” comprised of inputs from the

orbitofrontal and auditory cortices (Fig. 10).

DISCUSSION

In this study we investigated the organization of corti-

cal inputs to the claustrum in mice, utilizing viral-based

anterograde tracing of synaptic inputs, followed by

image digitization and 3D reconstruction. The conclu-

sions arising from our study are: 1) Inputs to the claus-

trum display a dorsoventral organization; 2) Inputs to

the claustrum display a lateral preference, with visual,

auditory and olfactory inputs projecting preferably ipsi-

laterally, while motor inputs project contralaterally, and

Figure 6. 3D superposition of all mice injected with AAV-SynaptoTag in the somatomotor areas. Different color hues refer to individual

mice (Sm#1, Sm#2, Sm#3). according to the legend, enabling a comparison of individual injections and the fluorescence detected in the

claustrum. Left: Reconstruction of the innervated region in the ipsilateral claustrum. Middle: Angular view of the spread of each infection

in the site of origin. Right: Reconstruction of the innervated region in the contralateral claustrum.

Mouse cortico-claustral projections
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Figure 7. Projections from the olfactory bulb to the claustrum. (A) Top left: coronal section corresponding to the AAV-SynaptoTag injection

site in the olfactory bulb of mouse Ol#1; DAPI nuclear staining is shown in blue; mCherry expression in red. Number indicates distance

from Bregma in mm. Bottom left: reconstructed 3D view of the spread of the infection, as seen from the side. Bottom right: injection site

as seen from above. Top right: angular view of the injection site. (B) Representative brain sections in rostrocaudal order. Middle: whole

section images of olfactory cortical projections following immunostaining against eGFP. Numbers indicate distance from Bregma in mm.

Side panels: ipsilateral (left) and contralateral (right) claustrum. (C) 3D reconstruction of the target region in the claustrum. Top left and

right panels: angular view of the whole brain and overlay of the ipsilateral and contralateral claustri, respectively. Bottom left: recon-

structed fluorescent signal in the ipsilateral claustrum. Bottom right: reconstructed fluorescent signal in the contralateral claustrum. The

gray background is the outline of the reconstructed claustrum. (D) 3D superposition of both mice injected with AAV-SynaptoTag to olfac-

tory regions (Ol#1, Ol#2). Different color hues refer to individual mice according to the legend, enabling a comparison of individual injec-

tions and their projection to the claustrum. Left: reconstruction of the innervated region in the ipsilateral claustrum. Middle: angular view

of the spread of each infection in the site of origin. Right: reconstruction of the innervated region in the contralateral claustrum.
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Figure 8. Projections from the anterior cingulate cortex to the claustrum. (A) Top left: coronal section corresponding to the AAV-

SynaptoTag injection site in the anterior cingulate cortex of mouse Fr#1; DAPI nuclear staining is shown in blue; mCherry expression in

red. Number indicates distance from Bregma in mm. Bottom left: reconstructed 3D view of the spread of the infection, as seen from the

side. Bottom right: injection site as seen from above. Top right: angular view of the injection site. (B) Representative brain sections in ros-

trocaudal order. Middle: whole section images of cingulate cortical projections following immunostaining against eGFP. Numbers indicate

distance from Bregma in mm. Side panels: ipsilateral (left) and contralateral (right) claustrum. (C) 3D reconstruction of the target region in

the claustrum. Top left and right panels: angular view of the whole brain and overlay of the ipsilateral and contralateral claustri, respec-

tively. Bottom left: reconstructed fluorescent signal in the ipsilateral claustrum. Bottom right: reconstructed fluorescent signal in the con-

tralateral claustrum. The gray background is the outline of the reconstructed claustrum. (D) 3D superposition of all mice injected with

AAV-SynaptoTag to the anterior cingulate cortex (Fr#1, Fr#2). Different color hues refer to individual mice according to the legend, ena-

bling a comparison of individual injections and their projection to the claustrum. Left: reconstruction of the innervated region in the ipsilat-

eral claustrum. Middle: angular view of the spread of each infection in the site of origin. Right: reconstruction of the innervated region in

the contralateral claustrum.
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Figure 9. Projections from the orbitofrontal cortex to the claustrum. (A) Top left: coronal section corresponding to the AAV-SynaptoTag

injection site in the orbitofrontal cortex of mouse Fr#3; DAPI nuclear staining is shown in blue; mCherry expression in red. Number indi-

cates distance from Bregma in mm. Bottom left: reconstructed 3D view of the spread of the infection, as seen from the side. Bottom right:

injection site as seen from above. Top right: angular view of the injection site. (B) Representative brain sections in rostrocaudal order. Mid-

dle: whole section images of orbitofrontal cortical projections following immunostaining against eGFP. Numbers indicate distance from

Bregma in mm. Side panels: ipsilateral (left) and contralateral (right) claustrum. (C) 3D reconstruction of the target region in the claustrum.

Top left and right panels: angular view of the whole brain and overlay of the ipsilateral and contralateral claustri, respectively. Bottom left:

reconstructed fluorescent signal in the ipsilateral claustrum. Bottom right: reconstructed fluorescent signal in the contralateral claustrum.

The gray background is the outline of the reconstructed claustrum. The two most rostral sections in this sample were missing and there-

fore not digitized. (D) 3D superposition of all mice injected with AAV-SynaptoTag to the oribitofrontal cortex (Fr#3, Fr#4, Fr#5). Different

color hues refer to individual mice according to the legend, enabling a comparison of individual injections and their projection to the claus-

trum. Left: reconstruction of the innervated region in the ipsilateral claustrum. Middle: angular view of the spread of each infection in the

site of origin. Right: reconstruction of the innervated region in the contralateral claustrum.

G. Atlan et al.

14 The Journal of Comparative Neurology | Research in Systems Neuroscience



Figure 10. Core–shell organization in the claustrum. (A) Coronal section corresponding to the AAV-SynaptoTag injection site in the primary

auditory cortex of a PV-Cre;Ai9 mouse. DAPI nuclear staining is shown in blue; mCherry expression in magenta shows the virus infection

as well as PV labeled cells. Number indicates distance from Bregma in mm. (B) Image of the claustrum demonstrating a core–shell organi-

zation. Left: auditory innervation in the ipsilateral claustrum. Middle: PV expressing cells in the claustrum. Right: merged image. Number

indicates distance from Bregma in mm. (C) Coronal section corresponding to the AAV-SynaptoTag injection site in the orbitofrontal cortex

of PV-Cre;Ai9 mouse. DAPI nuclear staining is shown in blue; mCherry expression in magenta shows the virus infection as well as PV

labeled cells. Number indicates distance from Bregma in mm. (D) Image of the claustrum demonstrating a core–shell organization. Left:

orbitofrontal innervation in the ipsilateral claustrum. Middle: PV expressing cells in the claustrum. Right: merged image. Number indicates

distance from Bregma in mm.
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prefrontal inputs project almost equally to either hemi-

sphere; 3) The inputs to the claustrum appear to dem-

onstrate a core–shell structure, with some inputs to the

claustrum preferentially innervating the periphery of the

claustrum, while parvalbumin neurons create a dense

mesh of neurites within a core region of the claustrum.

This organization suggests the potential for a hierarchy

of information processing within the claustrum, where

internal and external layers may receive segregated

inputs.

Dorsoventral organization with
significant overlap

Overlaying the digitized representations of the corti-

cal inputs to the claustrum demonstrates that one of

the principles governing the organization of inputs to

the claustrum is the predominance of a dorsoventral

axis (Fig. 11). The dorsal tip of the claustrum receives

somatosensory and motor information. More ventrally,

the dorsal section of the claustrum receives auditory

inputs, which also extend into the intermediate part of

the claustrum. Visual input seems to be located in the

central zone of the claustrum, extending ventrally, while

the ventral end of the claustrum is innervated by olfac-

tory inputs. Frontal projections, both from the ACC and

the OFC, are more widespread, and overlap with most

other sensory projections.

While there is a clear spatial segregation of inputs

along the dorsoventral axis of the claustrum, we also

observed significant overlap of inputs. For example, the

visual input to the claustrum appears to be within a

domain defined by the auditory inputs. More promi-

nently, the prefrontal (OFC and ACC) inputs to the

claustrum clearly overlap with the inputs from all the

sensory modalities. This organization is consistent with

a proposed role for prefrontal inputs in defining the

rules of claustral communication with cortex, in the

context of the “attentional hypothesis” for the function

of the claustrum (Goll et al., 2015). Obviously, the

coarse resolution of the current study does not provide

conclusive evidence in favor of direct interactions

between cortical inputs within the claustrum, which is

best tested utilizing single-cell electrophysiological

measurements. However, based on our observations we

do have a strong expectation that prefrontal inputs will

impact the majority of claustral neurons, regardless of

the modality to which they respond.

Claustral connectivity of the mouse: a
comparison with the rat and other species

Visual inputs to the claustrum have been studied in

cats, monkeys, and rats (Sanides and Buchholtz, 1979;

LeVay and Sherk, 1981b; Sherk and LeVay, 1981b;

Grieve and Sillito, 1995; Smith and Alloway, 2014). In

the cat, visual inputs were found in the dorsocaudal

part of the ipsilateral claustrum (Sanides and Buchholtz,

1979), while in the rhesus monkey responses to visual

stimulations were localized to the ventral portion of the

claustrum (Remedios et al., 2010). There appears to be

some variation in the extent of primary versus second-

ary visual inputs to the claustrum across species

(Sherk, 1986). In the ferret, a clear hierarchy of input

from the visual cortex to the claustrum was also

observed, with lower visual areas providing very little

input to the claustrum, while higher visual areas pro-

vided extensive input, which was widespread through-

out the claustrum (Patzke et al., 2014). Sparse

ipsilateral projections from V1 were also reported in

the rat claustrum, as well as more prominent inputs

from V2m (Smith and Alloway, 2014). Our results are

consistent with these observations, as we observe lim-

ited ipsilateral inputs from primary visual cortex, while

secondary visual cortex projects more widely (Fig. 2). It

is important to note that the visual cortex of the mouse

spans large cortical swaths and our injections cover

only a portion of it for each injection. Potentially, the

claustrum could be summing inputs from the whole vis-

ual cortex, such that projections from limited regions in

visual cortex would only represent a small subset of the

visual projections to the claustrum.

Auditory inputs to the claustrum have been studied

in the cat, in which it has been described that inputs

from all subdivisions of auditory cortex converge onto a

restricted region in the claustrum. The inputs are pre-

dominantly ipsilateral and cover a large extent of the

rostrocaudal axis, while concentrating in the center of

the dorsoventral axis (Neal et al., 1986; Beneyto and

Prieto, 2001). Our results also demonstrate a strong

ipsilateral bias in the inputs from the auditory cortex;

however, we observe a significant spread of the input

within the ventral region of the claustrum (Fig. 3).

Somatosensory inputs to the claustrum have been

reported in mice, cats, and monkeys. Cat S1 displays a

somatotopic representation in the claustrum (Olson and

Graybiel, 1980) and somatosensory inputs have been

reported in mouse (Zingg et al., 2014) and monkey

(Kunzle and Radtke-Schuller, 2001). The somatosensory

system in rodents is an active sense. It requires active

whisking or palpation in order to optimally acquire infor-

mation from the environment. Therefore, the motor and

sensory cortices can be viewed as a unified sensorimo-

tor unit (Smith et al., 2012; Smith and Alloway, 2014).

Rats and other nocturnal animals build up a representa-

tion of their surrounding world primarily through

whisker-mediated somatosensation (Sofroniew and

G. Atlan et al.

16 The Journal of Comparative Neurology | Research in Systems Neuroscience



Svoboda, 2015). Indeed, a significant projection to the

claustrum has been described from the primary motor

whisker region in rats, while inputs from the whisker

region in the somatosensory cortex have not been

found in rat (Alloway et al., 2009; Smith and Alloway,

2010; Smith et al., 2012), yet have been reported in

mice (Zingg et al., 2014). However, neurons in the

region of the claustrum that receives whisker motor

innervations have been found to project back to the

whisker motor cortex and the whisker somatosensory

Figure 11. Summary of the cortical projections to the claustrum of the mouse. (A) Reconstructed claustral projections from visual (yellow;

Vi#1), auditory (green; Au#1), somatomotor (red; Sm#2), olfactory (violet; Ol#2), and frontal (blue; Fr#3) cortical regions. The middle pan-

els demonstrate the overlay of all the inputs within the claustrum (B) Cartoon image of the map of cortical projections onto the claustrum

of the mouse.
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cortex, demonstrating a cortico-claustral-cortical circuit

(Alloway et al., 2009; Smith and Alloway, 2010; Smith

et al., 2012; White et al., 2016). It has therefore been

proposed that the claustrum functions in sensorimotor

coordination of whisker movements necessary for orien-

tation and object palpation (Smith et al., 2012; Sofro-

niew and Svoboda, 2015). The primary motor (MI)

whisker region has been reported to project to the

claustrum in both hemispheres, with denser projections

to the contralateral claustrum (Alloway et al., 2009).

Our results are overall consistent with the notion of

somatomotor loops involving the claustrum, and recapit-

ulate the observation of somatosensory and motor

inputs to the claustrum (Figs. 4–6).

Very little work has been performed on inputs to the

claustrum relating to the senses of taste or smell. As

part of a multimodal investigation of the claustrum,

neurons in the claustrum of the cat were found to

respond to stimulation of the ipsilateral olfactory bulb

(Segundo and Machne, 1956; Spector et al., 1974), and

a tracing study has raised the possibility that the ven-

tral segment of the cat claustrum receives olfactory

input (Witter et al., 1988). These results have not

gained significant attention, potentially due to the prox-

imity of the claustrum to the piriform cortex and the

endopiriform nucleus, which are associated with gusta-

tory and olfactory processing. Furthermore, the endo-

piriform nucleus, located ventrally to the claustrum, has

been shown to be connected with olfactory areas and

has been hypothesized to be an olfactory structure,

perhaps functioning as an “olfactory claustrum” (Witter

et al., 1988; Behan and Haberly, 1999; Goll et al.,

2015). Our results demonstrate that while the endopiri-

form nucleus indeed receives vast olfactory inputs, the

claustrum is also innervated throughout its ventral half

(Fig. 7). The identification of olfactory projections to the

claustrum in mice is of potential significance for inform-

ing models regarding the function of the claustrum,

especially considering the relative importance of olfac-

tory information for the mouse.

A relatively large number of studies have addressed

the prominent interaction between the claustrum and

higher frontal and association regions in rat, cat, mon-

key, and humans (Divac et al., 1978; LeVay and Sherk,

1981b; Pearson et al., 1982; Markowitsch et al., 1984;

Sloniewski et al., 1986; Witter et al., 1988; Clasca

et al., 1992; Tanne-Gariepy et al., 2002; Vertes, 2004;

Hur and Zaborszky, 2005; Hoover and Vertes, 2007;

Mathur et al., 2009; Smith and Alloway, 2010, 2014;

Reser et al., 2014; Sherk, 2014; Torgerson et al., 2015;

White et al., 2016). Retrograde tracing in rats has dem-

onstrated that claustral neurons projecting to the ACC

are densely packed and distributed evenly throughout

the claustrum (White et al., 2016). It should be noted

that our injections covered extensive regions within the

ACC, and may mask more subtle dorsoventral organiza-

tion of the inputs from ACC / frontal eye field, as

described in the rat (Brecht et al., 2004; Smith et al.,

2012; Smith and Alloway, 2014). In the cat, retrograde

tracer injections to the dorsal claustrum resulted in

labeling of neurons in the orbitofrontal cortex (Witter

et al., 1988), while anterograde labeling experiments in

rodents demonstrated a prominent bilateral input to the

claustrum from the ACC and infralimbic cortex (Smith

and Alloway, 2014; Zingg et al., 2014; White et al., 2016).

Our results are consistent with previous observations, as

we observe heavy bilateral inputs to the claustrum from

both the ACC and the OFC. Interestingly, our results sug-

gest that the ACC and OFC impact mutually exclusive

regions in the claustrum, with the ACC input preferentially

targeting the center of the claustrum in both its rostro-

caudal and dorsoventral axes, while the OFC input

appears to prefer the formation of a “shell” around this

potential “core.” This observation suggests that these

two major frontal association regions may impact differ-

ent domains in the claustrum, raising the notion that

within the small structure of the claustrum multiple func-

tional domains may exist.

Additional organizational principles
governing cortical inputs to the claustrum?

In the coronal sections shown in this study, some

cortical projections appear to avoid a central aspect of

the claustrum, defining a potential “shell” vs. “core”

structure for the claustrum. This organization appears

to be the case for olfactory inputs, which “cup” the

claustrum from its ventral aspect, as well as the input

from auditory cortex and orbitofrontal cortex, both of

which are found to exclude the central portion of the

claustrum. In contrast, the visual cortical inputs to the

claustrum appeared to cluster in the center of the

claustrum, and the somatomotor inputs invade the dor-

sal part of the claustrum with no apparent avoidance of

defined territories within the claustrum.

A core–shell organization has been previously pro-

posed for the claustrum (Real et al., 2003; Davila et al.,

2005; Hinova-Palova et al., 2007; Rahman and Baizer,

2007; Pirone et al., 2014). This organization has been

proposed primarily based on observations that inhibi-

tory interneurons expressing parvalbumin and calretinin

were found to be preferentially localized in the central

and ventral region of the dorsal claustrum, while a

dense plexus of axons form a shell around this core. In

addition, cortical projecting neurons were labeled in a

dorsal–shell-like region (LeVay and Sherk, 1981b). Our
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results are consistent with the notion that the claustrum

exhibits an internal structure, potentially defining a hierar-

chy of connectivity and information processing. Further-

more, long-range intra-claustral connections have been

reported (Behan and Haberly, 1999; Zhang et al., 2001;

Smith and Alloway, 2010) and the cell bodies and den-

drites of interneurons appear to be preferentially oriented

along the rostrocaudal axis, consistent with a potential

function in communicating between the regions of the

claustrum (Rahman and Baizer, 2007). Recent electro-

physiological observations demonstrate a laminar struc-

ture of the claustrum (Orman, 2015), with the conclusion

that the claustrum has strong excitatory connections

organized along its rostrocaudal axis, with little connectiv-

ity between claustral excitatory neurons along the dorso-

ventral axis. A recent detailed patch-clamp study of

connectivity in the claustrum in coronal sections of the

mouse brain described prevalent inhibitory connectivity

of PV neurons onto claustral neurons, and prevalent feed-

forward inhibition driven by cortical inputs to the claus-

trum (Kim et al., 2016). Virtually no connections were

observed between excitatory claustral neurons in this

study, potentially consistent with the observation of

Orman (2015), as these connections were investigated in

coronal slices, potentially destroying lateral connectivity

in the claustrum.

It should be noted that the concept of a core–shell

structure for the claustrum has been contended, with the

suggestion that the “shell” may represent layer VI neu-

rons of the insular cortex (Mathur et al., 2009; Mathur,

2014). This raises a more general issue, regarding the

anatomical definition of the claustrum. Mathur and col-

leagues (Mathur et al., 2009; Mathur, 2014; White et al.,

2016) have proposed that the claustrum can be defined

based on expression of the gene GNG2 and exclusion of

the gene CRYM. As they observe that the domain of

GNG2 expression correlates with a region of dense label-

ing for parvalbumin (PV), they suggest that PV expression

may be utilized to identify the boundaries of the claus-

trum. Here we propose that the definition of the claus-

trum in the mouse extends beyond the PV-rich domain.

Consistent with this reasoning, GNG2 expression in the

mouse (as demonstrated in the Allen Mouse Brain Atlas)

encompasses the region we define as claustrum in the

current study (core and shell), and appears to even

extend further both dorsally and laterally. Alternatively,

the apparent discrepancy may be due to anatomical dif-

ferences between rat and mice, as well as increased sen-

sitivity of antibody staining for PV in comparison to native

fluorescence of transgenically expressed tdTomato in the

PV-CRE;Ai9 mice.

An additional issue relating to the anatomical defini-

tions of the claustrum is that it has been contested

whether rostral coronal sections of the rat brain, in

which the striatum is not found, should be regarded as

claustrum (Mathur, 2009). This prestriatal region is

much smaller in the mouse, and our analysis included

only one such section, which we deemed claustral, as

the signal observed within it appeared continuous with

proceeding sections.

A universal strategy for connectomics:
technical considerations

Beyond providing a comprehensive study of cortical

inputs to the claustrum, our study establishes a broadly

applicable approach to reveal the organization of synap-

tic inputs to a defined brain structure. For example, it

is clear that a map of the cortical projections to the

dorsal striatum could be constructed based on reanaly-

sis of the images presented in Figures 2–9, demonstrat-

ing a well-defined compartmentalization of inputs to the

striatum along the dorsoventral and mediolateral axes.

This type of analysis could, for example, direct the

investigation of sensory integration in the striatum (Reig

and Silberberg, 2014).

The advantages of the strategy we implemented in

this study are largely based on the utilization of a virus

expressing a protein-based synaptic marker. This

marker (eGPF-Syb2) marks synaptic terminals, in con-

trast to a diffusible marker, which labels axons as they

pass through a tissue. Furthermore, the synaptic signal

can be amplified with antibody staining, providing addi-

tional sensitivity. The enhanced signal obtained utilizing

our strategy may account for the identification of inputs

to the claustrum, which previously may have been

missed, as in the case of the somatosensory inputs to

the dorsal claustrum and the ventral olfactory inputs,

as well as the intensity of the visual inputs. This strat-

egy could be even further enhanced by targeting geneti-

cally defined neuronal populations in mice, utilizing a

CRE-dependent variant of the SynaptoTag construct

(not described in this study).

The registration and digitization of the synaptic sig-

nal, defining 3D coordinates for each puncta, provides

the opportunity for comparison across individuals by

overlaying data obtained from multiple subjects. This

enables a direct comparison of experimental repeti-

tions, as well as comparison of the domain targeted by

different projections. Once implemented in a 3D visual-

ization platform, the digitized data are easily viewed

from different perspectives, enabling additional insight

into the spatial organization of the results. A universally

accepted coordinate system onto which such data are

registered could provide a platform for collaboration

and resolving ambiguities. A number of efforts are being
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developed along these lines, including the Allen Mouse

Brain Atlas (http://mouse.brain-map.org), Mouse Con-

nectome Project (http://www.mouseconnectome.org),

and the Waxholm Space Atlas. However, they do not,

as of yet, provide an accessible tool for registration of

data obtained by independent investigators, the need

for which is likely to increase as the field of connectom-

ics matures.

It is important to note that the method we applied in

this study is not free from fault. The digitization

approach we implemented is aimed at providing a

binary representation of the location of the projection

within the claustrum, and therefore does not provide a

relative measure of the intensity of the projection to

the claustrum. In addition, the digitization, as per-

formed, results in a reduction in the spatial resolution

compared to the raw images. These two caveats are

common to most strategies for representation of trac-

ing in contemporary studies. In future developments of

this approach, we plan to implement a semiautomated

pipeline, enhancing the information content of the data

both with relation to intensity and resolution, as well as

reducing the effort invested in image digitization.

Perspective: from anatomy to function?
The claustrum, with its high connectivity, has created

a high level of intrigue regarding its function, and a

number of compelling theories have been suggested.

These have developed from proposing that the claus-

trum functions as a relay station (Olson and Graybiel,

1980; LeVay and Sherk, 1981b; Sherk and LeVay,

1983), potentially binding information across modalities

(Pearson et al., 1982; Ettlinger and Wilson, 1990), to

supporting consciousness (Crick and Koch, 2005). More

recent theories suggest a function for the claustrum in

coordinating cortical activity (Alloway et al., 2009;

Mathur et al., 2009; Remedios et al., 2010; Smith and

Alloway, 2010; Smith et al., 2012; Mathur, 2014; Reme-

dios et al., 2014; Reser et al., 2014; Smith and Alloway,

2014; Smythies et al., 2014; Goll et al., 2015). Major

questions still remain open, such as the question of

whether the claustrum is an integrator of information

or, alternatively, consists of segregated functional units

(Remedios et al., 2010; Smith et al., 2012; Baizer et al.,

2014; Sherk, 2014). Our observations are suggestive of

an overall segregation of inputs within the claustrum,

with somatomotor inputs invading the dorsal end of the

claustrum, and olfactory inputs invading the ventral

end, while auditory inputs appear to create a “shell”

around a PV-expressing inhibitory “core.” Visual inputs

focus within a central domain in the claustrum, and

may also be localized to this “core,” but this has not

been directly investigated. Frontal inputs also appear to

segregate, with ACC inputs appearing to target the

“core” region (see also White et al., 2016), while OFC

inputs may target the “shell.” The overlap of the frontal

inputs with the sensory inputs to the claustrum (ACC

with visual; OFC with auditory, olfactory, and somato-

motor) is suggestive of a hierarchical organization,

whereby the frontal inputs interact with inputs from the

sensory modalities (as also proposed by White et al.,

2016). Viewed from the perspective of the “attentional

hypothesis” for the function of the claustrum (Mathur,

2014; Goll et al., 2015), this overlapping connectivity is

consistent with a potential role for the frontal inputs in

modulating the representation of the sensory inputs

within the claustrum, as a mechanism for implementing

a defined “attentional strategy.” Thus, our study poses

testable hypotheses, which will have to be answered on

the way to resolving the function of the claustrum.
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