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Abstract

The projections from the claustrum to cortical areas within and adjacent to the superior parietal lobule were studied in 10
macaque monkeys, using retrograde tracers, computerized reconstructions, and quantitative methods. In contrast with the
classical view that posterior parietal areas receive afferents primarily from the dorsal and posterior regions of the
claustrum, we found that these areas receive more extensive projections, including substantial afferents from the anterior
and ventral regions of the claustrum. Moreover, our findings uncover a previously unsuspected variability in the precise
regions of the claustrum that originate the projections, according to the target areas. For example, areas dominated by
somatosensory inputs for control of body movements tend to receive most afferents from the dorsal-posterior claustrum,
whereas those which also receive significant visual inputs tend to receive more afferents from the ventral claustrum. In
addition, different areas within these broadly defined groups differ in terms of quantitative emphasis in the origin of
projections. Overall, these results argue against a simple model whereby adjacency in the cortex determines adjacency in
the sectors of claustral origin of projections and indicate that subnetworks defined by commonality of function may be an
important factor in defining claustrocortical topography.
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The claustrum is a thin layer of gray matter interposed between
the insular cortex and the striatum. In primates, the claustrum
has widespread connections with the cortex, which follow a
coarse topographic organization (Pearson et al. 1982; Baizer et al.
1993; Edelstein and Denaro 2004; Baizer et al. 2014; Gattass et al.

et al. 2017; Reser et al. 2017). This extensive connectivity has
generated various hypotheses of claustrum function, including
the integration of sensorimotor inputs (an important element
of conscious experiences; Crick and Koch 2005) and the syn-
chronization of cognitive processes across cortical networks
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(Smythies et al. 2012a, 2012b, 2014; Gattass et al. 2014; Mathur
2014; Reser et al. 2014; Torgerson et al. 2015; Brown et al. 2017).
Recently, hypotheses regarding claustrum function have con-
verged on three main themes: modulation of salience processing
and behavioral choice (especially under conditions of high cog-
nitive demand; Patru and Reser 2015; Smith, Watson, et al. 2019;
White et al. 2020); modulation of various attention dependent
processes (Goll et al. 2015; Atlan et al. 2018; Jackson 2018); and
modulation or synchronization of cortical oscillatory activity,
especially slow wave activity (Narikiyo et al. 2020). However, the
functions of the claustrum remain undetermined.

The recent emphasis on salience and attention processing
results in part from elegant and detailed studies of claustrum
connections to anterior areas of the cortex, especially anterior
cingulate and prefrontal regions. In contrast, knowledge about
the claustrum projections to posterior cortical areas has not
been equally emphasized in modern studies. Here, we report
on the claustral input to areas of the macaque superior pari-
etal lobule (SPL) and adjacent cortex in the intraparietal sulcus
and midline. Different SPL areas are involved in processing
and integration of information coming from different sensory
modalities, in many cases contributing to the control of reaching
and grasping actions (Kalaska 1996; Andersen and Cui 2009;
Fattori et al. 2012, 2017; Mai and Paxinos 2012; Galletti and
Fattori 2018). According to classical cytoarchitecture (Brodmann
1909), the primate SPL includes part of cytoarchitectural area
7, posteriorly, and area 5 anteriorly. In the macaque, a recent
review by Gamberini et al. (2020) proposed that the SPL part
of cytoarchitectural area 7 includes at least four functionally
defined areas (PEc, V6A, PGm, and MIP), which are bounded
both laterally and medially by other subdivisions of area 7
(e.g., areas LIP and PGm,; Fig. 1A). Likewise, area 5 includes at
least three functional subdivisions (PE, PEci, and PEip) and is
bounded medially by cortex which shares emphasis on senso-
rimotor function (e.g., area 31; Fig. 1A). Our laboratories have
previously described the claustral input to areas PE, PEc and the
adjoining somatosensory area 2 (Gamberini et al. 2017). Here, we
contrast those findings with new observations following retro-
grade tracer injections in a number of posterior parietal areas
centered on the SPL, including the intraparietal sulcus and the
mesial surface of the hemisphere. The present results provide
the most comprehensive survey to date of the claustral input
to the macaque posterior parietal cortex and provide evidence
supporting a model whereby functional similarity, not physical
adjacency is the organizing principle underlying the pattern of
claustrocortical projections.

Materials and Methods

Injections of retrograde neuronal tracers were performed in
the medial posterior parietal cortex of 10 macaque monkeys (7
Macaca fascicularis, 2 Macaca nemestrina, and 1 Macaca mulatta).
The location and extent of the injection sites are summarized in
Table 1 and Figure 1. Experimental protocols followed the Aus-
tralian Code of Practice for the Care and Use of Animals for Sci-
entific Purposes, the European Union Directive 86/609/EEC, and
the revised Directive 2010/63/EU. The Monash University Ani-
mal Experimentation Ethics Committee and the University of
Bologna Bioethics Committee approved the experimental proce-
dures (University of Bologna Permit N° 170/2015-PR, 19/03/2015;
Monash University Permits N° MARP2012/082, SOBSA/P/2010/05,
SOBSA/P/2010/28).

Surgical Procedure

The experimental procedures followed those detailed in previ-
ous publications (Bakola et al. 2017; Gamberini et al. 2017; Pas-
sarelli et al. 2018). Surgeries were performed under aseptic con-
ditions, and in all cases heart rate, respiratory cycle, blood pres-
sure, and body temperature were monitored. The protocol for
induction and maintenance of anesthesia varied given the pro-
cedures approved by the two Universities as well as refinements
introduced during the project. Details of the drugs administered
to each animal are summarized in Table 2. Hydration in these
cases was provided by constant i.v. infusion of Hartmann'’s solu-
tion. Dexamethasone (0.3 mg/kg, i.m.) and Norocillin (25 mg/kg,
im.) were also administered at the beginning of the procedures.

The animals were placed in a stereotaxic frame, and a cran-
iotomy was performed over the posterior parietal cortex. In
some cases (9-15; see Table 1), in order to reach the mesial
surface of the hemisphere, a portion of the posterior parietal
cortex of the contralateral hemisphere was retracted or removed
by aspiration, and the mesial surface exposed by creating a
window in the falx cerebri. Injection sites were selected by visual
inspection using several sulci (the cingulate, parieto-occipital,
and intraparietal sulci) and blood vessels as landmarks, and
were later assigned to architectonic subdivisions after histolog-
ical examination of postmortem material.

Fluorescent retrograde neuronal tracers (Fast Blue, FB;
Diamidino Yellow, DY; Cholera toxin B subunit conjugated with
Alexa fluor 488, CTBgreen; Fluoro Ruby, FR) were injected using
microsyringes fitted with glass micropipettes at the tips of the
needles. In cases 9 and 11, crystals of fluorescent tracers (FB
and DY, each crystal 100-200 pm in diameter) were directly
inserted into the cortex, after being captured by electrostatic
attraction at the tip of tungsten rods (Rosa et al. 2005). In all
cases, after injections, the cortical surface was covered with
Gelfilm®, the bone flap was fixed back in place with dental
acrylic, and muscles and skin were sutured. Upon recovery from
anesthesia, the animals were monitored by veterinary staff. For
the following 2-3 days, they received analgesics and antibiotics
(Table 2).

Tissue Processing

After a survival time of 14 days, the animals were anesthetized
as above, before receiving a lethal dose i.v. of sodium thiopen-
tal or pentobarbital (100 mg/kg) injection. They were perfused
with heparinized saline or phosphate buffer, and then with 4%
paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. Cases
ANA9 and ANA10 were subsequently perfused with 4 L of 5%
glycerol in the same buffer. The brains were removed from the
skull, photographed, and then immersed for cryoprotection in
fixative solutions containing sucrose (10-30%; most animals) or
glycerol (10-20%; animals ANA9 and ANA10) until they sank.
Following rapid freezing of the tissue blocks with isopentane
or dry ice, coronal sections (50 pm in most cases and 60 pm
in ANA9 and ANA10) were obtained. One in five sections was
left unstained for observation under a fluorescence microscope.
Adjacent sections were stained for Nissl substance, myelin,
and cytochrome oxidase (for detailed histological protocols, see
http://www.marmosetbrain.org/reference).

Data Analysis

The unstained sections were scanned for labeled neurons under
fluorescence illumination (for details, see Gamberini et al.
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Figure 1. Summary of injection site locations. (A) Posterolateral view of macaque brain. The right hemisphere has been partially dissected at the level of the fundus
of intraparietal, parietooccipital, and lunate sulci to show the hidden cortex of SPL. The medial surface of the left hemisphere is also visible, with the cingulate sulcus
open to show area PEci. Dashed lines delimit different cortical areas of SPL. (B) Scatter plot showing the size of the injection site (in mm3) in relation to the number
of labeled cells in the entire hemisphere. (C) Summary of locations of injection sites. Coronal sections showing the centers (black) and halos (white) of injection sites
for each of the cases presented in this study. The boundaries of areas are also shown. A summary of the injection sites for V6Ad (cases 1 and 2), MIP (cases 3-6), LIP
(case 7), PEip (case 8), PEci (case 9), area 31 (case 10), and PGm (11-15) is presented on the unfolded reconstruction of a macaque left hemisphere (expanded view in the
top right). The dashed lines indicate the approximate extent of areas according to previous studies (Bakola et al. 2017; Passarelli et al. 2018). White symbols indicate
the approximate locations of injection sites in neighboring areas according to a previous study (Impieri et al. 2018). Abbreviations: cal, calcarine sulcus; cgs, cingulate
sulcus; ips, intraparietal sulcus; pos, parieto-occipital sulcus; Is, lunate sulcus; cs, central sulcus; If, lateral fissure; as, arcuate sulcus; sts, superior temporal sulcus; V6,
V6A, MIP, LIP, VIP, PEc, PE, PEip, S1, PGm, 31, PEci are designations of cortical areas; D, dorsal; M, medial; L, lateral; A, anterior.
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Table 1
Case’ Denomination Species Injected area  Tracer Amount and concentration Claustral Total labeled
cells neurons

12 MF7 M. fascicularis ~ V6A DY? 0.3 microl, 1.5% in PB 49 7340

2 NF228 M. nemestrina  V6A DY? 0.25 microl, 1.5% in PB 312 19653

3 NM31 M. nemestrina  MIP FB? 0.35 microl, 1.5% in DW 1680 17 265

42 MEF7 M. fascicularis ~ MIP FB? 0.3 microl, 1.5% in DW 883 23294

5 ANA10 M. mulatta MIP CTBgreen* 2 microl, 1% in PBS 311 6125

&b ANA9 M. fascicularis ~ MIP CTBgreen’ 2 microl, 1% in PBS 213 7238

7 MF8 M. fascicularis ~ LIP DY? 0.3 microl, 1.5% in PB 536 55464
MF10 M. fascicularis ~ PEip DY? 0.25 microl, 1.5% in PB 91 6704

9b ANA9 M. fascicularis ~ PEci DY? 1 crystal 879 21214

10° ANA9 M. fascicularis 31 FB? 0.2 microl, 1% in DW 1086 16999

11 MF3 M. fascicularis PGm FB? 1 crystal 1108 27096

12¢ MF6 M. fascicularis  PGm FB? 0.35 microl, 1.5% in DW 2896 58036

134 MF4 M. fascicularis PGm DY? 1 microl, 1% in PB 4334 174222

144 MF4 M. fascicularis  PGm FR? 0.4 microl, 10% in saline 53 2641

15¢ MF6 M. fascicularis PGm DY? 0.35 microl, 1.5% in PB 730 20554

IThe letters a, b, c and d indicate injections placed in the same hemisphere.
2Sigma Aldrich.

3polysciences Europe, Germany.

4Molecular Probes.

Abbreviations: DY, Diamidino Yellow; FB, Fast Blue; CTB, cholera toxin B; FR, Fluoro-Ruby; PB, phosphate buffer; DW, distilled water PBS, phosphate-buffered saline.

Table 2
Animal Premedication Anesthesia (induction) Anesthesia (maintenance)  Postoperative analgesia
drug: drug: drug: drug:
dose, administration route dose, administration route  dose, administration route  dose, administration route
ANA9 atropine: 0.04 mg/kg, i.m. sodium thiopental: sodium thiopental: Ketorolac: 1 mg/kg, i.m.
ketamine hydrochloride: 8 mg/kg, i.v. 8 mg/kg, i.v. Erythromycin:
15 mg/kg, im. (when necessary) 1-1.5 mL/10 kg i.m.
Norocillin: 0.1-0.2 mL/kg
im.
ANA10 atropine: 0.04 mg/kg, i.m. dexmedetomidine sodium thiopental: Ketorolac: 1 mg/kg, i.m.
dexmedetomidine hydrochloride (solutionin 8 mg/kg,iv. Erythromycin:
hydrochloride: 2.5 pg/kg, i.m. saline): 1.65 pg/kg/L; (when necessary) 1-1.5 mL/10 kg i.m.
ketamine hydrochloride: 15 mg/kg,  flow rate 70-60 mL/h, i.v.
im.
MF3 diazepam: 3.0 mg/kg, i.m. alfaxalone: 10 mg/kg, i.m. alfaxalone: 5 mg/kg, i.v. Ketorolac: 1 mg/kg, i.m.
MF4 atropine: 0.2 mg/kg, i.m. (when necessary) Carprofen: 5 mg/kg, s.c.
Erythromycin:
1-1.5 mL/10 kg i.m.
Norocillin: 0.1-0.2 mL/kg
im.
MF6 diazepam: 1.0 mg/kg, i.m. ketamine-medetomidine-  isoflurane Temgesic: 0.01 mg/kg, i.m.
NM31 atropine: 0.04 mg/kg, i.m. butorphanol: (animal intubated): 0.5-2%  Carprofen: 4 mg/kg, s.c.
MF7 0.1 mg/kg, im. Erythromycin:
MF8 1-1.5 mL/10 kg im.
MF10 Norocillin: 0.17 mL/kg i.m.
NF228

2017; Bakola et al. 2017; Passarelli et al. 2018). In each case, the
entire hemisphere ipsilateral to the injection site was examined
for retrograde label. For all sections examined, the outer and
inner boundaries of the cerebral cortex, the outlines of the
injection sites, and the location of labeled cells were mapped
at 500-600 pm intervals (1 in 10 sections) using a digitizing
system attached to the microscopes (MD3 digitizer and MDPlot
software, Accustage). The histological criteria used for the

definition of the boundaries of areas around the injection sites
have been fully described in previous publications (Pandya and
Seltzer 1982; Morecraft et al. 2004; Luppino et al. 2005; Passarelli
et al. 2011, 2018; Bakola et al. 2017). The present report focuses
on injections confined in single architectonic areas, although
data from injections that crossed areal boundaries have been
used as comparison and confirmation of particular aspects of
the data, as detailed in Results.
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Figure 2. Architecture of insular Claustrum (CLA) and dorsal Endopiriform
nucleus (dEnD). (A, B) Low-power photomicrographs showing the cytoarchitec-
tural (A) and myeloarchitectural (B) patterns of CLA and dEnD in representative
coronal sections from animal MF3. Scale bar =1 mm. (C) Higher power photomi-
crograph of the representative ventral portion of the claustrum where dEnD
becomes evident, taken at the level indicated on the inset in B. Scale bar = 500 pm.

The limits of the claustrum were outlined using sections
stained with the Nissl method. The limit between the insular
claustrum and the dorsal endopiriform nucleus was defined
using the neighboring sections stained with the Gallyas method
(Miyashita et al. 2005; Pham et al. 2019; Smith, Alloway, et al.
2019). A representative example is shown in Figure 2. For the
present paper, both subdivisions were considered as a single
structure, with the location of the endopiriform nucleus indi-
cated in the illustrations. Three-dimensional reconstructions of
this complex were obtained using the CARET software package
(Van Essen et al. 2001). As previously described (Galletti et al.
2005; Gamberini et al. 2009), mid-thickness contours of corti-
cal gray matter were used to align brain sections in order to
reconstruct the brain surface in each case. Adjustments were
applied to claustral contours to improve local alignment, when
necessary.

Density maps obtained from the coordinates of single
labeled cells were superimposed on the 3D reconstructions.
The representation of the density maps was computed with the
software R (Team 2014) using the package ggplot2 (Wickham
2009). The region of the claustrum containing the highest
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number of labeled neurons was considered as reference, and
the density of neurons was expressed as a percentage of this
maximum value (Rosa et al. 2009).

For regional analysis of the location of labeled cells, we
followed a subdivision similar to that proposed by Pearson et al.
(1982). As a first step, the centroid of the reconstructed claus-
trum was calculated using the measure function in Image] (FIJI;
v.1.47n; NIH, USA), applied to an outline of the 3D claustrum
reconstruction from CARET. On the basis of the centroid, the
shape of the reconstructed claustrum was then subdivided into
four quadrants of equal size, and the analysis of the location of
labeled neurons was then performed with reference to anterior-
dorsal (A-D), anterior-ventral (A-V), posterior-dorsal (P-D), and
posterior-ventral (P-V) quadrants (Gamberini et al. 2017).

In order to standardize the cases, we also performed a second
type of analysis, based on the subdivision of the claustrum
into equal intervals along its anteroposterior extent, defined
by coronal sections. Specifically, the distribution of retrograde
labeling in the claustrum was analyzed in 10 intervals, each
interval corresponding to 10% of the extent of the claustrum
along the anteroposterior axis. In order to compare cases, we
performed a piecewise polynomial interpolation using cubic
Hermite polynomial (Matlab function “pchip”) on the distribu-
tion of retrograde labeled cells. In order to evaluate the simi-
larity in the distribution of labeled cells across different injec-
tions, we employed the Kendall rank correlation coefficient W
(Siegel 1956; Legendre 2005), which measures the agreement
between sets of ranks. Kendall coefficient W values vary from 0
in the case of complete disagreement to 1 in the case of perfect
agreement. The statistical significance of these measures was
computed with adjusted x? (Friedman’s x?). We first tested
the similarity between injections within the same area. If the
distributions resulted statistically equal (adjusted x?, P <0.05),
we summed the cell counts of the relevant cases, obtaining a
unique distribution assigned to that area. Finally, we compared
the similarity across areas (using both interval and quadrant
distribution).

Results

We report on the results of 15 tracer injections (Table 1 and
Fig. 1). The main focus will be on areas PGm and MIP, which
received 5 and 4 injections, respectively, allowing the estimation
of the degree of variability within each area. Results from these
injections will then be compared with new data on the claustral
projections to nearby areas V6Ad (2 injections), 31, PEci, PEip,
and LIP (1 injection each). Together with our previous observa-
tions regarding areas PE and PEc (Gamberini et al. 2017), this
provides the first comprehensive view of the claustral afferents
to medial posterior parietal areas. Examples of sections through
the injection sites and of aggregations of labeled neurons in the
claustrum are illustrated in Supplementary Figure 1.

The numbers of labeled neurons in the claustrum formed a
small proportion of the total label revealed by the injections. As
shown in Table 1, claustral afferents corresponded on average
to 3.59% (s.d.=2.37) of the total number of labeled neurons in a
hemisphere.

Area PGm

Five injections were confined within area PGm, on the mesial
surface of the hemisphere (cases 11-15). In a previous report,
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Figure 3. Claustral afferents to dorsorostral and ventrocaudal sectors of area PGm. (A) Outlines of the claustrum, sectioned in the coronal plane. Locations of single

labeled neurons are shown as colored circles; gray region represents the location of dEnD. In this and other figures, the claustrum is represented with the anterior end
at the left, irrespective of the hemisphere injected, to facilitate comparisons. Scale bar =4 mm. (B) Percentage of labeled cells in intervals each representing 10% of the
claustrum extent along the rostro-caudal axis. Abbreviations: A, anterior; P, posterior. Other details and abbreviations as in Figure 1.

we have described connectional differences between the dor-
sorostral and ventrocaudal sectors of this area, with the latter
showing relatively denser afferents from visual cortical areas
(Passarelli et al. 2018). Here, two of the cases (11 and 12) had
injections in dorsorostral PGm, and three (13-15) in the ventro-
caudal PGm.

Digital reconstructions of the claustrum in four cases are
illustrated in Figure 3A. These reconstructions show that labeled
cells were distributed across the entire rostrocaudal extent of
the claustrum, forming a continuous stripe of variable width on
the ventral part of this structure (but sparser in its ventral region,
near the temporal pole). For quantification, we subdivided the
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Figure 4. Claustral afferents to area PGm. (A) Medial views of 3D reconstructions of the claustrum in the PGm injection cases shown in Figure 3, illustrating the
distribution (single colored dots) and density (in color scale) of labeled cells. Color scale indicates the relative density of labeled cells, counted within 300 x 300 pm units,
as a percentage of the maximum value. Scale bar=4 mm. (B) Percentage of labeled cells in the four quadrants of the claustrum after injections confined within the
myeloarchitectonic limits of area PGm (Passarelli et al. 2018). On the right, the averaged values represent the medians (in black) and the 95% confidence interval (in

white). Other details and abbreviations as in Figures 1 and 3.

claustrum of each case in 10 anteroposterior intervals. The
results of this analysis (Fig. 3B) show that cases with injections in
the dorsorostral and in ventrocaudal part of PGm have a similar
distribution. Case 14 (not shown) had relatively few labeled neu-
rons, likely because of a smaller injection site; nonetheless, the

distribution was very similar to that found in the four illustrated
cases.

Figure 4A shows 3D volumetric reconstructions of the claus-
trum of the same cases. Figure 4B indicates the fraction of
labeled cells in each quadrant for each of the four cases (Fig. 4B,
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left), and as an average in the quadrants of all cases (Fig. 4B,
right). In the anterior half of the claustrum, labeled cells were
present both dorsally and ventrally, though being slightly more
abundant ventrally (30% + 2.4% in the anterior-ventral [A-V] sec-
tor; 18% +£0.5% in the anterior-dorsal [A-D] sector). In the pos-
terior half of the claustrum, labeled cells were concentrated in
the posterior-ventral quadrant (P-V; 52% + 2.1%), with only a few
cells located in the posterior-dorsal (P-D) quadrant (1% +0.7%).
In summary, in contrast with the differences in cortico-cortical
connections that prompted a distinction between dorsorostral
and ventrocaudal PGm (Passarelli et al. 2018), the site of origin
of claustro-cortical connections was very similar throughout
this area.

Area MIP

Area MIP was identified based on its myeloarchitecture and
cortico-cortical connections, which were distinct from those of
adjacent SPL areas. Like PGm, there were subtle differences in
emphasis of connections between anterior and posterior injec-
tions, which hinted at a functional gradient (Bakola et al. 2017).
Four tracer injections were placed within the borders of MIP
(cases 3-6; see Table 1 and Fig. 1). Figure 5A shows the digital
reconstruction of the claustrum of these cases.

In the two cases with injections in the posterior part of MIP
(cases 3 and 4), labeled neurons were distributed across the full
anteroposterior extent of the claustrum. However, in contrast
with PGm injections, where claustral labeling was always quite
uniform, following injections in posterior MIP, the majority of
labeled neurons was concentrated in the posterior part of the
claustrum (Fig. 5B, left) (63.1% and 72.5% in P-V sector and 19.3%
and 7.9% in P-D sector, for cases 3 and 4, respectively). The bias
toward connections originating in posterior claustrum was even
more evident in the two cases with injections in anterior MIP
(Fig. 5B, right) (88.7% and 71.9% in P-V sector and 5.1% and 26.3%
in P-D sector, for cases 5 and 6, respectively).

Figure 6A shows the 3D reconstructions of claustrum of the
four cases illustrated in Figure 5. Here, it is possible to better
appreciate that, at anterior levels of the claustrum, the band
of neurons that project to MIP tends to occupy a more dorsal
location relative to that containing neurons projecting to PGm
(compare Figs 4A and 6A). The histograms in Figure 6B show
that labeling after MIP injections was mainly distributed in
the posterior-ventral quadrant of claustrum; only posterior MIP
injections revealed significant inputs from the anterior-dorsal
quadrant.

Area V6Ad

Area V6Ad is adjacent to and functionally related to MIP. Alto-
gether, these areas are components of the “parietal reach region”
(Andersen et al. 1997, 2014; Bakola et al. 2017). Two injections
(cases 1 and 2, see Table 1 and Fig. 1) were placed within the
limits of area V6Ad. Both cases showed a similar pattern of
label, but case 1, having relatively fewer labeled neurons, was
not included in the quantitative analyses. Figure 7A shows a
digital reconstruction of the claustrum in case 2. In general,
the pattern of label strongly resembled that observed following
injections in posterior MIP: labeled cells were concentrated in
the posterior-ventral quadrant of the claustrum (86%), with a
smaller but significant proportion (11%) occupying the anterior-
dorsal quadrant. The similarity with posterior MIP is also evident
in Figure 7B, where percentages of labeled cells at different

coronal levels of the claustrum are shown. In contrast to the
MIP cases, however, there were no projections to V6Ad from the
posterior-dorsal claustrum.

Area 31

Area 31 is located on the mesial surface of the parietal lobe,
immediately anterior to PGm, but is distinct from the latter
by the increased emphasis on inputs from areas involved in
somatomotor planning (Passarelli et al. 2018). After injection in
area 31 (case 10), the pattern of label in the claustrum was in
some ways intermediate between those found after the injec-
tions in PGm and posterior MIP: input neurons were observed
along the full antero-posterior extent, with a bias toward poste-
rior regions, but in this case largely avoiding the orbital sector of
the claustrum (Fig. 7D, right; Fig. 7E).

Our quantitative analysis showed that the most strongly
projecting region to area 31 was the posterior-ventral quad-
rant (63% of the labeled cells; Fig. 7E, right), with the anterior-
dorsal and posterior-dorsal quadrants, respectively, containing
17% and 15% of the labeled cells. Label in the anterior-ventral
quadrant was sparse, but somewhat greater in comparison to
the injections in MIP and V6Ad (6%).

Area PEci

Area PEci is adjacent to area 31 but located on the posterior
tip of the cingulate gyrus. Like area 31, PEci has been linked to
higher order somatomotor function (Murray and Coulter 1981).
An injection into PEci (case 9) resulted in claustral labeling
which was similar to that observed after the injection in area
31, but seemed to extend further dorsally in the posterior part
of the claustrum (Fig. 7D, left; Fig. 7E). This was confirmed in the
quantitative analysis, which showed a majority of label in the
posterior-dorsal quadrant (70%,; Fig. 7E, right), with substantial
proportions of labeled neurons in the posterior-ventral (14%) and
the anterior-dorsal (14%) quadrants.

Area PEip

In a previous study (Gamberini et al. 2017), we described the
claustral input to two areas located on the surface of the SPL
(areas PE and PEc), which exhibit similar density of connec-
tions from areas that emphasize somatosensory function. The
present experiments allowed us to extend this analysis to the
sector of area PE embedded in the lateral bank of the intrapari-
etal sulcus (area PEip; Bakola et al. 2017). An injection in area
PEip (case 8) revealed afferents that were mainly confined in
the posterior part of the claustrum (Fig. 8A, top; Fig. 8B, black
columns). Quadrant analysis showed that the most strongly
projecting region to area PEip was the posterior-dorsal quad-
rant (62% of the labeled cells; Fig. 8C, black columns), followed
by the postero-ventral quadrant (22%). The anterior quadrants
contributed fewer afferents (16% in total). As discussed below,
this distribution was similar to that found following injection
in PEci.

Area LIP

Finally, we compare the distribution of claustral afferents fol-
lowing SPL injections with the results of an injection in area
LIP, which is an area of the inferior parietal lobule, more closely
related to visuomotor function (Elston and Rosa 1998; Chen
et al. 2016). This injection (case 7) revealed label along the
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Figure 5. Claustral afferents to posterior and anterior portions of area MIP. (A) Outlines of the claustrum in MIP cases, sectioned in the coronal plane. Locations of
single-labeled neurons are shown as colored circles. Scale bar=4 mm. (B) Percentage of labeled cells in intervals corresponding to 10% of the claustrum along the

rostro-caudal axis. Other details and abbreviations as in Figures 1 and 3.

full anteroposterior extent of claustrum. Similar to the PGm
injections, labeled cells were located mainly in the ventral part
of the claustrum, but in this case, they completely avoided the
dorsal part of the structure at posterior levels (Fig. 8A, bottom).
The labeling distribution according to quadrants (Fig. 8C, white
columns) showed that the majority of labeled neurons was
located in the posterior-ventral quadrant (48%), with substantial
numbers also located in the anterior-dorsal (24%) and anterior-
ventral (27%) quadrants.

Statistical Comparisons among the Different
Injected Areas

We performed statistical evaluations of the similarity in the
distribution of labeled cells across different injections (Fig. 9). We
used two different approaches to explore possible segregation
of claustral cells directly connected with the different medial
posterior parietal areas: the anteroposterior level analysis and
the quadrant analysis.
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Afferents to area PGm were homogeneously distributed
within the claustrum, and there was no significant difference
between the projections to dorsorostral and ventrocaudal PGm
subdivisions, as shown by both the interval and the quadrant
analyses (W =0.87 in interval; W = 1 in quadrant). In contrast, the
claustral afferents to area MIP showed a significant difference
between injections in posterior and anterior parts of MIP,
which is more evident in the analyses based on the quadrants
(W =0.94 in interval; W =0.70 in quadrant), hinting at intra-areal
variability of function.

Claustral afferents to area V6Ad showed a good level of sim-
ilarity with those of MIP, in particular its posterior part, in both
types of analyses (W =0.81 in interval; W =0.90 in quadrant).
On the mesial surface of the hemisphere, by taking the interval
approach, areas 31 and PEci showed a similar pattern of cell dis-
tribution (W =0.90), but not in the quadrant approach (W =0.60),
where area 31 appeared more similar to MIP (W =1 with MIPp)
and PGm (W =0.70). Finally, in the intraparietal sulcus, areas
PEip and LIP showed an opposite pattern: PEip showed similarity
with all areas of the SPL, except V6Ad, in the interval approach
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in Figures 1, 3, and 4.

(W =0.64), while LIP did not. In the quadrant approach, PEip
(like PEci) showed strong differences in the spatial distribution
of labeled cells with the remaining areas.

Discussion

The aim of the present report was to describe the origins of
claustral projections to cortical areas in the medial posterior
parietal cortex. The present results, together with those of our
previous study on claustral inputs to areas 2, PE, and PEc (Gam-
berini et al. 2017), show that each of the areas studied receives
monosynaptic afferents from the claustrum. Moreover, although
the origins of projections to each area were spread over large sec-
tors of the claustrum, regional differences were detected using
quantitative methods. As discussed in detail below, these results

argue against simple models whereby adjacency between two
areas in the cortex determine adjacency in their claustral origin
of projections, or that the claustral projections are organized
according to anatomical sectors of cortex they target (e.g., the
occipital, parietal, temporal frontal, and limbic lobes). Instead,
they indicate that subnetworks defined by commonality of func-
tion may be an important factor in defining claustrocortical

topography.

Possible Limitations of the Study

Before discussing the implications of the present results, it is
important to acknowledge some of the likely limitations of our
study. Quantitative comparisons of results obtained by tracer
injections can be difficult due to factors such as the effective
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Figure 9. Statistical comparison of the similarity in the distribution of labeled
cells among the different areas of medial posterior parietal cortex. Kendall
rank correlation coefficient W measures the agreement between sets of ranks.
Kendall coefficient W is 0 when there is complete disagreement in sets of ranks
(black) and 1 when there is perfect agreement (white). Kendall P-value shows
the statistical significance of the Kendall test: if P <0.05 (toward black color),
we reject the null hypothesis and so we can consider the tested areas similar.
(A) Result of Kendall test (Kendall value and Kendall P-value) considering the
labeled cell counts in 10 intervals. (B) Result of Kendall test (Kendall value and
Kendall P-value) considering the labeled cell counts in the four quadrants.

spread of tracer in the tissue and the chemical characteristics
of the different tracers. For example, larger injections in our
sample tended to label larger numbers of neurons (Fig. 1B),
and organometallic compounds such as DY and FB tended to
label larger numbers of cells, compared with similar volumes
of dextran-based tracers such as FR. Although the proportions
of labeled versus unlabeled cells are expected to vary between
cases based on these factors, the spatial distributions of the
labeled cells in an afferent structure, including in particular the
locations of the densest patches, are not known to be affected.
Thus, our data are expected to faithfully reflect the topography
of claustrocortical connections to the parietal lobe. In addition,
although it may be difficult to precisely delineate the uptake
zones, all injections included here were centered away from the
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borders of the areas, this removing a possible confound. Another
possible limitation of our study is related to the use of different
species of macaque. Yet, we found that the morphology of the
claustrum was consistent across all cases, and the criteria used
to identify parietal areas could be applied consistently, suggest-
ing that the neural circuits studied in the present study do not
vary substantially within this genus. Finally, some of the areas
received a single injection of tracer. The consistency of the label
location revealed in areas that received multiple injections sug-
gests that there is a systematic relationship between locations of
projection neurons in the claustrum and cortical area, but addi-
tional work may be needed to reveal the full extent of the com-
plexity of the claustrocortical connectivity to the parietal lobe.

The claustrum is comprised of a relatively small number of
neuron types (Kowianski et al. 1999; Smith, Alloway et al. 2019).
In this study, all labeled cells were claustrocortical projection
neurons (Kim et al. 2016), given that we used exclusively
monosynaptic tracers. Some of the tracers employed tend to
label only the cell nucleus (e.g., DY) or perikaryon (e.g., FB, CTB),
which precludes finer analyses of soma size or morphology.
Claustrum projection neurons are generally thought to be exci-
tatory, with their cortical targets predominantly on inhibitory
interneurons (reviewed in Jackson et al. 2020). However, this
organization is best characterized in rodents, and although
the basic organization in primates is similar, there is far less
information available, suggesting that this is an area in need of
further study.

Regional Segregation of Function in the Claustrum

The SPL areas we studied are all involved, in different ways, in
the planning and controlling of reaching and grasping actions
(Andersen et al. 1997; Ferraina et al. 1997; Galletti et al. 1997,
2003; Kalaska et al. 1997, Fattori et al. 2001, 2004, 2017; Andersen
and Cui 2009). Indeed, the rare functional studies focused on the
claustrum suggest that this structure is active in the context
of arm movements (Shima et al. 1996; Gamberini et al. 2017),
at least in the motor control of upper limbs during “hand-to-
mouth” actions (Frontera and Stiehl 1963; Edelstein and Denaro
2004). Likewise, both area LIP and area PGm have been regarded
as oculomotor fields, with the latter also having a putative
role in eye-body coordination during self-motion and navigation
(Andersen et al. 1990; Olson et al. 1996; Sato et al. 2006, 2010;
Passarelli et al. 2018).

Previous studies from different laboratories have already
emphasized the large overlap between the sectors of claustrum
that project to different areas, with only a rough topography
being evident. For example, it has been reported that frontal
areas are mainly connected with the anterior part of the claus-
trum, parietal areas with posterior and dorsal parts, and occip-
ital areas with posterior and ventral parts (Pearson et al. 1982;
Maioli et al. 1983; Sherk 1986; Tanné-Gariépy et al. 2002; Baizer
et al. 2014; Gattass et al. 2014; Gamberini et al. 2017; Bruni et al.
2018). Our results are in partial agreement with this view, in the
sense that many of the parietal areas studied received most of
their afferents from the posterior half of the claustrum. However,
the exact distribution varied, with some areas (e.g., PGm, LIP)
showing more substantial projections from the anterior and
ventral sectors of the claustrum. Moreover, the neurons forming
projections to most posterior parietal areas extended into the
ventral sector of the posterior claustrum. Thus, our results, while
compatible with those of earlier investigations of claustral input
to the parietal lobe, provide a significant extension of the picture
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they suggested, by providing a more nuanced view. Overall, our
results are incompatible with a model based on simple spatial
transformation, whereby adjacent sectors of cortex are pre-
dictably connected to adjacent sectors of the claustrum. Rather,
they suggest a rather complex topology, which incorporates
variability in the neuronal populations that project to different
medial parietal areas.

The present results can be best related to the hypothesis of
the existence of a functionally determined topography within
the claustrum, a notion which has been previously hinted at
by other authors (Gattass et al. 2014; Reser et al. 2017). For
example, we know that the macaque posterior parietal cortex
includes cortical areas dominated by somatic inputs, located
anteriorly (PE, PEip, PEci, and PEc), as well as areas that have a
documented role in visuomotor transformations (V6Ad, PGm,
MIP, and LIP) (Elston and Rosa 1998; Bakola et al. 2017; Pas-
sarelli et al. 2018; Gamberini et al. 2020). All examined pari-
etal areas received monosynaptic afferents from the posterior
half of the claustrum. However, areas dominated by somatic
processing (Fig. 10B) tended to receive relatively stronger inputs
from the dorsal part of the claustrum, whereas areas involved in
visuomotor cognition (PGm and LIP in particular) had relatively
stronger inputs from the posterior ventral quadrant and gener-
ally stronger inputs from the anterior claustrum (Fig. 10C), even
though they are distant from each other. Conversely, the claus-
tral origins of PEip (somatically dominated) and of LIP (visually
dominated) appeared to occupy largely distinct zones (Fig. 8),
although whether this separation is complete will require stud-
ies using double labeling in the same animal.

These findings suggest that cortical subnetworks defined by
commonality of function may be one of the key factors that
explain claustrocortical connectivity, and add plausibility to the
idea that the claustrum may have a role in coordination of
activity across different resting state networks (e.g., Reser et al.
2014). Interestingly, according to this view, the pattern of origin
of claustral projections to area 31 would suggest an as yet not
fully recognized function involving visuomotor cognition, given
the similarity with other visuomotor areas (Fig. 10C).

Cytoarchitectural characteristics provide a complementary
framework to interpret these results. A recent review focused
on the macaque SPL (Gamberini et al. 2020) proposed that Brod-
mann’s area 5 is formed by somatically dominated functional
subdivisions (PE, PEci, PEip), while area 7 primarily includes
bimodal (somatosensory-visual) areas (PEc, V6A, PGm, MIP). By
and large, the distribution of claustral cells projecting to the
SPL described in the present study is compatible with the view
that this neuroanatomical characteristic aligns with cytoarchi-
tectural areas (Fig. 10). However, area PEc is an exception to this
model, by virtue of its claustral input more closely resembling
the pattern observed for subdivisions of area 5. Nonetheless,
the predominance of somatosensory responses in this area,
despite many bimodal neurons (Gamberini et al. 2018), sug-
gests an alignment with the functional topography model dis-
cussed above. Cytoarchitectural characteristics are a predictor
with connectivity patterns (Goulas et al. 2019), but different
interpretations of cytoarchitectural borders can influence con-
clusions based on structure-function relationship models.

Putative Integrative Functions of the Claustrocortical
Network

In parallel with models based on regional segregation of func-
tion, it has been proposed that the claustrum is involved in
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Figure 10. Patterns of claustral input to somatic and visuomotor areas. (A) Result
of Kendall test (Kendall value and Kendall P-value) considering the labeled cell
counts in the four quadrants, in somatically dominated areas. Areas PEci and
PEip have been compared with results from Gamberini et al. (2017). (B) The
pattern of connections of the somatically dominated areas includes PEc, PEci,
PEip, PE, and area 2 (percentage of labeled cells in the four quadrants of the
claustrum). (C) The pattern of connections of the visuomotor areas including
V6Ad, PGm, MIP, and LIP (percentage of labeled cells in the four quadrants of the
claustrum). Area 31 is included here given its similarity in claustral inputs with
visuomotor areas.

the integration of signals from different sensory modalities to
facilitate rapid shifts in attention, in line with environmen-
tal demands (Spector et al. 1975; Ettlinger and Wilson 1990;
Edelstein and Denaro 2004; Remedios et al. 2014; Goll et al.
2015; Gamberini et al. 2017). These functional demands suggest
roles for the widespread projections from claustrum to the
dorsal posterior parietal cortex, as these complex behaviors
require selective attention to the targets, feedback with respect
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to the successful completion of the movement, and integration
of specific sensory information with mnemonic processes (e.g.,
visual information may or may not be available). The variation
in sensory information available during complex reaching and
grasping movements would, in this context, lead to a variation
in the cognitive load required to complete a given task. Variation
in attention under differing levels of cognitive load and/or signal
to noise ratio is consistent with a role for the claustrum in
attention tasks with higher, but not lower, cognitive load (White
et al. 2020).

Some studies in humans could help in understanding the
possible functional role(s) of claustrum. It has been reported that
the claustrum is involved in conscious behavior and cognition
(Volz et al. 2010; Tian et al. 2011) and in the process of global per-
ceptual integration (Baizer et al. 2014), with dysfunction possibly
contributing to delusional states (Patru and Reser 2015). Lesion
effects following traumatic brain injuries have been associated
with “the duration, but not frequency, of loss of consciousness,”
and this suggests that the claustrum may have a role in regain-
ing, but not maintaining, consciousness (Chau et al. 2015). Focal
electrical stimulation concentrated in the posterior part of the
claustrum caused sensory-motor effects but failed to induce the
loss of consciousness (Bickel and Parvizi 2019). The sensory-
motor effects evoked by the electrical stimulation of posterior
claustrum are in line with the strong connections of this part of
the claustrum with the posterior SPL as described in this study.

At the same time, anatomical changes linked to the evolu-
tionary expansion of the cerebral cortex need to be taken into
consideration when interpreting studies in macaques, includ-
ing the possibility of human-specific connections (e.g., Arde-
sch et al. 2019). In particular, variation across species can be
expected given the selective expansion of regions such as the
precuneate cortex as a function of brain size (Chaplin et al. 2013).
For example, it has been reported that the human precuneus
is both disproportionately expanded and more variable across
individuals in comparison with that of chimpanzees (Bruner
et al. 2017). In the course of this expansion, the precuneus
has segregated further into anterior and posterior components
weighted toward processing of somatic and visual information,
respectively (Bruner et al. 2019; Bruner and Pereira-Pedro 2020),
reflecting an elaboration of the pattern found in the macaque
(Passarelli et al. 2018). Although there is a strong possibility of
significant changes in gradients of claustrum-cortical connec-
tivity during human evolution, we currently lack the information
about the functional organization of the claustrum in humans
which would be necessary to evaluate this hypothesis.

In summary, the present results add to the evidence in the
literature that the claustrum is in a position to coordinate activ-
ity between different cortical areas. Detailed anatomical studies,
especially compared with functional studies of the same cortical
regions, can inform on these issues. In particular, the character-
istics of the projections to the medial posterior parietal cortex
may inform future models of claustrum function in the context
of volitional coordination of goal-directed behaviors.
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