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1  | INTRODUC TION

The claustrum (Cl) is a subcortical structure, relaying inputs from, 
to, and among cortical areas (Day-Brown et al., 2016; Reser et al., 
2017; Wang et al., 2017; White and Mathur, 2018; Krimmel et al., 
2019; Jackson et al., 2020), including a rather large connection to 
and from visual areas (Norita, 1977; Riche and Lanoir, 1978; Olson 
and Graybiel, 1980; LeVay and Sherk, 1981; Maçarico da Costa et al., 
2010). Other data suggest also inputs from serotonergic raphe nu-
clei (Baizer, 2001), thalamic nuclei (LeVay and Sherk, 1981; Carey 
and Neal, 1986; Vertes and Hoover, 2008), endopiriform nucleus 
(Lipowska et al., 2000), and dopaminergic neurons of the ventral teg-
mental area or substantia nigra (Pirone et al., 2018).

Despite the wealth of data from various species on general anat-
omy, cytoarchitecture, and chemoarchitecture, the structure, func-
tion, and origin of the Cl are still a matter of debate (Edelstein and 
Denaro, 2004; Crick and Koch, 2005; Pirone et al., 2012; Mathur, 

2014; Hinova-Palova et al., 2014a, 2014b; Deutch and Mathur, 2015; 
Goll et al., 2015; Binks et al., 2019; Hinova-Palova et al., 2019a, 
2019b; Pirone et al., 2020). To this effect, the ontology of the claus-
tro-insular complex is still subject to debate (for in-depth discussion 
see Butler et al., 2011; Pirone et al., 2012), but homologies reaching 
birds and even reptiles have been put forward (Puelles et al., 2016; 
Watson and Puelles, 2017).

An important step in understanding the Cl function is to clarify 
the neurochemistry of the nucleus and identify its reciprocal con-
nections with other brain areas. Efforts are now increasingly drawn 
toward precising these connections. As an example, here, we men-
tion that there has been no knowledge of direct connection of the Cl 
to the non-visual thalamus (Carey and Neal, 1986; Day-Brown et al., 
2016), until fairly recently (Atlan et al., 2018; Narikiyo et al., 2020).

The Cl contains several types of interneurons, character-
ized neurochemically by the presence of calcium-binding proteins 
(CBPs), nNOS, the synthetic enzyme for nitric oxide, and different 
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Abstract
The present study analyses the organization and selected neurochemical features of 
the claustrum and visual cortex of the sheep, based on the patterns of calcium-bind-
ing proteins expression. Connections of the claustrum with the visual cortex have 
been studied by tractography. Parvalbumin-immunoreactive (PV-ir) and Calbindin-
immunoreactive (CB-ir) cell bodies increased along the rostro-caudal axis of the 
nucleus. Calretinin (CR)-labeled somata were few and evenly distributed along the 
rostro-caudal axis. PV and CB distribution in the visual cortex was characterized by 
larger round and multipolar cells for PV, and more bitufted neurons for CB. The stain-
ing pattern for PV was the opposite of that of CR, which showed densely stained but 
rare cell bodies.

Tractography shows the existence of connections with the caudal visual cortex. 
However, we detected no contralateral projection in the visuo-claustral interconnec-
tions. Since sheep and goats have laterally placed eyes and a limited binocular vision, 
the absence of contralateral projections could be of prime importance if confirmed 
by other studies, to rule out the role of the claustrum in stereopsis.
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neuropeptides (Eiden et al., 1990; Kowiański et al., 2008; Hinova-
Palova et al., 2008, 2012; Cozzi et al., 2014; Pirone et al., 2014; 
Landzhov et al., 2017). On the contrary, the presence of project-
ing neurons in the Cl is still open. It is well-known that CBPs are 
classically expressed by GABA-ergic interneurons, but they have 
also been found in projecting neurons of different brain structures 
(Gerfen et al., 1985; Celio, 1990; Bennett-Clarke et al., 1992; Rausell 
et al., 1992; Baizer et al., 2011; Liu et al., 2014; Shang et al., 2019). 
This implies that some of the CBP-containing neurons in the Cl may 
indeed project to other brain structures.

The visual cortex of the sheep has been relatively well studied 
compared to other ungulates. Rose (1942) found that the striated 
cortex stretched along most of the lateral and entolateral sulcus. 
Later electrophysiological studies pointed out to a much smaller 
dorso-occipital part of the sheep cortex (Clarke and Whitteridge, 
1976; Clarke, et al., 1976), whereas thalamo-cortical tracing studies 
confirmed a wider visual territory (Karamanlidis et al., 1979).

One of the now often used investigation techniques involves the 
mapping of probabilistic tracts using diffusion tensor imaging (DTI), 
which has recently led a group to push for the establishment of a 
claustro-cortical fan (Fernández-Miranda et al., 2008a, 2008b). In 
the present study, we focused on the connections of the Cl with the 
primary visual cortex (V1), using the sheep, a large-brained mammals 
often used in translational research, as experimental model, and a 
combination of DTI and neurochemistry as working methodology.

2  | MATERIAL S AND METHODS

2.1 | Animals and tissue sampling

For the present study, we utilized the brains of six adult sheep col-
lected at a local slaughterhouse (Table 1). Animals were treated ac-
cording to the European Community Council directive (86/609/EEC) 
concerning animal welfare during the commercial slaughtering pro-
cess and were constantly monitored under mandatory official vet-
erinary medical care.

The ovine brains were extracted within 15 min after death and 
cut into transverse blocks (0.5 cm thick) containing the CL and the 
adjoining structures in their rostro-caudal extent. Blocks from the 
right hemisphere were fixed by immersion in 4% paraformaldehyde 
in 0.1 M phosphate-buffered saline at pH 7.4 (PBS) and later pro-
cessed for paraffin embedding. Simultaneously, blocks of the left 

primary visual cortex were sampled across the splenial and endol-
ateral sulcus.

2.2 | Histology and Immunohistochemistry

MRI images and coronal blocks of sheep brain, later sectioned and 
stained with cresyl-violet, were used to determine the shape and 
extent of the Cl.

Immunoperoxidase reaction was performed on serial paraffin sec-
tions (5 μm) from four brain blocks representing the Cl rostro-caudal 
extent (Figure 1). Immunoreaction was carried out employing the fol-
lowing antibodies against three CBPs: a mouse monoclonal anti-par-
valbumin (PV, 1:2000, Sigma), a mouse monoclonal anti-parvalbumin 
(PV, 1:2000, Swant), a mouse monoclonal anti-calbindin D-28 K (CB, 
1:2000, Sigma), a rabbit polyclonal anti-calbindin D-28 K (CB, 1:1000, 
Swant), a rabbit polyclonal anti-calretinin (CR, 1:100, Abcam), and 
a rabbit anti-calretinin (CR, 1:1000, Swant) (details are reported in 
Table 2). Epitope retrieval was carried out at 120°C in a pressure 
cooker for 3 min with a Tris/EDTA buffer, pH 9.0. Sections were 
pretreated with 1% H2O2 in PBS, for 10 min to quench endogenous 
peroxidase activity, then rinsed with 0.05% Triton-X (TX)-100 in PBS 
(3 × 10 min), and blocked for 1 hr with 5% normal horse serum (PK-
7200, Vector Labs) in PBS. Serial sections were incubated overnight 
at 4°C in a solution containing the anti-PV or anti-CB or anti-CR with 
2% normal horse serum, 0.05% TX-100 in PBS. Sections were then 
rinsed in PBS (3 × 10 min), followed by incubation with biotinylated 
anti-mouse IgG (5 μg/ml, Vector Labs, Burlingame, CA) or with bioti-
nylated anti-rabbit IgG (5 μg/ml, Vector Labs) (details are reported in 
Table 3) and then with ABC reagent (Vectastain Kit, PK-7200, Vector 
Labs). Sections were again rinsed in PBS, for 3 × 10 min. Staining was 
visualized by incubating the sections in diaminobenzidine (sk-4,105, 
Vector Labs) solution. The negative controls were performed by re-
placing either the primary antibodies, anti-mouse/rabbit IgG, or the 
ABC complex with PBS or non-immune serum. Under these condi-
tions, staining was abolished. Besides, positive controls were carried 
out testing the primaries antibodies on mouse brain sections. In addi-
tion, specificity of the antibodies had already been tested in previous 
studies (RRID code Tables 2 and 3).

2.3 | Image acquisition and processing

The stained sections were digitalized using a semi-automated sys-
tem (D-Sight2, Menarini Diagnistics) at a magnification of 20 times.

2.4 | Tractography

MRI scans were obtained from the University of Verona with a Bruker 
tomograph (Bruker) equipped with a 4.7 T, 33-cm bore horizontal 
magnet (Oxford Ltd.). Images were acquired with a single-coil con-
figuration. A 7.2 cm inner diameter volume birdcage coil was used as 

TA B L E  1   Specimen data

Age Weight Sex Breed

Adult (4 years) 34 F Brogna

Adult (4 years) 47 F Brogna

Adult (4 years) 35.5 F Brogna

Adult (4 years) 43.5 F Brogna

Adult (4 years) 38 F Brogna

Adult (4 years) 41 F Brogna
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transmitter and receiver. Using a 2D rapid acquisition with relaxation 
enhancement (RARE) sequence, high-resolution T2w structural im-
ages were acquired. Parameters were as follows: repetition time (TR) 
35,736 ms; echo time (TE) 78.1 ms; field of view (FOV) 6.0 × 5.0 cm; 
matrix size (MTX) 240 × 200; 0.250 × 0.250 mm resolution, n. slices 
160, 0.5 mm thickness; RARE factor 16; number of averages (NEX) 8; 
and total acquisition time 1 hr and 11 min. Diffusion tensor images 
were acquired with an echo planar imaging (EPI) sequence. Parameters 
were as follows: TR 20,000 ms, TE 24.7 ms, FOV 6.0 × 5.0 cm; MTX 
120 × 100; isotropic in-plane resolution of 0.5 mm; slice thickness 
1.0 mm; n. slice 80; EPI factor 11; NEX 6; 30 noncollinear directions 

acquired with a b-value of 3000 s/mm2 and 5 b0 images for a total 
acquisition time of about 12 hr 50 min.

A DTI diffusion scheme was used, and a total of 30 diffusion sam-
pling directions were acquired. The b-value was 3,000 s/mm2, with a 
voxel size of 0.5 × 0.5 × 1 mm. We used then DSI Studio (http://dsi- 
studio.labso lver.org) for the tractography analysis. After computing 
the diffusion tensor, a deterministic fiber tracking algorithm (Yeh et al., 
2013) was used. Ending regions were placed at the right Cl with a vol-
ume size of 7e+02 mm2 and left Cl with a volume size of 6.5e+02 mm2. 
A seeding region was placed in the right primary visual cortex with a 
volume size of 4.1e03 mm2 and the left primary visual cortex with a 

F I G U R E  1   Anterior (a) to posterior (d) coronal aspects of the sheep claustrum. Fresh coronal blocks (first row a1 to d1; scale bar =5 mm); 
MRI digital sections (second row, scale bar =1 cm); Cresyl-violet staining (third row; scale bar =2 mm). Cl (cl) outline is drawn by red lines. a, 
amygdala; aha, amygdalohippocampal area; c, caudate; cp, caudoputamen; Ex, external capsule; Ext, extreme capsule; p, putamen

a1 b1 c1 d1

a2 b2 c2 d2

a3 b3 c3 d3

http://dsi-studio.labsolver.org
http://dsi-studio.labsolver.org
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volume size of 4.2e03 mm2. The anisotropy threshold was 0.05896. 
The angular threshold was 45°. The step size was 0.1 mm. The fiber tra-
jectories were smoothed by averaging the propagation direction with 
50% of the previous direction. Tracks with length shorter than 2 or lon-
ger than 200 mm were discarded. A total of 50,000 seeds were placed.

Identification of the presented tracts was achieved by segment-
ing by hand the visual cortical region, chosen as origin, and the Cl 
area as the end region, and calculating the white matter tracts run-
ning between them. Anatomical references were found in historical 
papers and recent atlases (Clarke and Whitteridge, 1976; Vanderwolf 
and Cooley, 2002; Nitzsche et al., 2015).

3  | RESULTS

3.1 | Claustrum overview

The rod-like shaped Cl was identified in the ventrolateral telenceph-
alon in the series of rostral coronal blocks, MRI images and in cresyl-
violet stained sections (Figure 1 (a1–a3)). The nucleus then assumed 
a triangular aspect in the middle region (Figure 1 (b1-b3, c1-c3), 
Figure 2). In the caudalmost region, dorsolateral to the amygdala, the 

TA B L E  2   Primary antibodies

Antibody Immunogen Manufacturing details Dilution

Anti-PV PARV-19 hybridoma produced by the fusion of mouse 
myeloma cells and splenocytes from an immunized 
mouse. Purified frog muscle parvalbumin was used as 
the immunogen

Sigma-Aldrich, mouse monoclonal, Clone PARV-19, 
Product No. P 3088

RRID: AB_477329

1:2000

Anti-PV Produced by hybridization of mouse myeloma 
cells with spleen cells from mice immunized with 
parvalbumin purified from carp muscles

Swant, mouse monoclonal, Code No: 235, Lot no: 10-11 
(F)

RRID: AB_10000343

1:2000

Anti-CR The antibody against calretinin was produced in 
mice by immunization with recombinant human 
calretinin−22 k (identical with calretinin up to 
Arg178 N-terminal)

Swant, mouse monoclonal, Cat# 6B3, Lot n° 010399
RRID: AB_10000320

1:1000

Anti-CR Full length protein Abcam, rabbit polyclonal, ab702
RRID: AB_305702

1:100

Anti-CB Derived from the CB-955 hybridoma produced by 
the fusion of mouse myeloma cells and splenocytes 
from BALB/c mice immunized with a purified bovine 
kidney calbindin-D-28 K

Sigma-Aldrich, mouse monoclonal, Clone CB−955, 
C9848

RRID: AB_476894

1:2000

Anti-CB This antiserum was produced against recombinant rat 
calbindin D-28 K (CB)

Swant, rabbit polyclonal, Lot No.: 9.03, Code No.: 
CB−38a RRID: AB_10000340

1:1000

Antibody Type Manufacturing details
Dilution 
(µg/ml)

Biotinylated Anti-mouse IgG 
(H + L)

Vector Labs, Burlingame, horse, Cat.n. BA-
2001, Lot.n. ZC1230

RRID: AB_2336180

5

Biotinylated Anti-rabbit IgG 
(H + L)

Vector Labs, Burlingame, horse, Cat.n. 
BA−1100, Lot.n. ZA0319

RRID: AB_2336201

5

TA B L E  3   Secondary antibodies

F I G U R E  2   3D reconstruction of the sheep claustrum in red. A, 
anterior; D, dorsal; L, left; P, posterior; R, right; V, ventral
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Cl was characterized by a larger and irregular area (Figure 1 (d1-d3)). 
Cl was encased in the white matter of the external (Ex) and extreme 
(Ext) capsules.

3.2 | Immunohistochemistry

Two different antibodies for each CBP were employed and each pair, 
with the exception of CB, gave the same results. Monoclonal an-
tibody against CB gave negative results both in the Cl and in the 
visual areas, but clearly stained the Purkinje neurons of the sheep 
cerebellum (see Figure 1, Video S1). Differently, polyclonal anti-CB 
immunoreaction was observed both in visual cortex and in Cl.

3.2.1 | Claustrum

Immunoperoxidase staining in the sheep Cl revealed the presence of 
both cell bodies and fibers positive to PV, CR, and CB (Figure 3). CR 
immunoreactivity was evenly distributed throughout the dorsoven-
tral and rostro-caudal extent of the CL, while PV and CB stained 
somata increased moving toward the caudal region. The semi-quan-
titative representation of the PV, CR, and CB immunostaining distri-
bution is reported in Table 4.

Positive fibers were seen running in all directions throughout 
the rostro-caudal and the dorsoventral extent of the CL with a 
homogeneous distribution. In particular, PV and CB immunoreac-
tive (-ir) fibers were scarce (Figure 3(a–d)), while CR-positive fi-
bers made up a dense network surrounding negative cell bodies 
(Figure 3(e)).

3.2.2 | Visual area

The visual area of the ovine cortex was identified based on the avail-
able stereotaxic atlases of the species (Richard, 1967; Vanderwolf 
and Cooley, 2002; Nitzsche et al., 2015) and relevant literature (Rose, 
1942; Clarke and Whitteridge, 1976; Clarke et al., 1976; Karamanlidis 
et al., 1979). The immunocytochemistry of the visual area in the 
sheep caudal cortex around the lateral sulcus identified largely dif-
ferent GABA-ergic interneuron populations within the cortical thick-
ness (Figure 4).

Calbindin-ir was distributed mostly among layer 3–6 (Figure 4(e)) 
with a diffuse band of fibers across the layer 3–5 border. Larger so-
mata were present in layer 5, and bipolar bitufted cells were seen 
in layer 3. Some pyramidal cells were positive to CB immunostain-
ing (Figure 4(f)). Monoclonal anti-CB did not provide satisfactory 
staining.

F I G U R E  3   Immunohistochemical staining of the sheep Cl. Immunoperoxidase reaction shows the distribution of CB in the rostral (a) and 
caudal (b) parts, PV in the rostral (c) and caudal (d) parts, and CR caudal part (e) immunoreactivity in the Cl (dashed line). Below (a), very few 
and weakly stained CB-ir cells are spotted. Higher magnification of the frames below (b) displays CB-ir cells and scarce fibers (enlarged in 
the inset). Below (c) are rare fibers with no real soma stain for PV. Below (d), higher magnification shows a moderate density of PV-ir fibers 
and two positive neurons (enlarged in the inset). Below (e), higher magnification shows a dense network of CR-positive fibers (enlarged in 
the inset). Cl, claustrum; ctx, cortex; Pt, putamen. Scale bars =500 μm (upper row), 100 μm (lower row), 10 μm (insets)

a b c d e
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Calretinin-ir neurons were scarce in the V1 area, in which they 
were found in layer 3 with some also present in layer 5. An extensive 
neuropil web covered all of the cortical thickness with predominant 
bands in upper layer 1 and mid-layer 5 (Figure 4(h,i)). An even clearer 
fiber band pattern was present in the adjacent peristriate area.

Parvalbumin was very clearly marking layer 3–6 with large round 
somata with vertically oriented dendrites. There were seemingly 
slightly more cell bodies within layer 5 (Figure 4(k)). A broad band 
corresponding to the layer 3–5 border was a major feature of V1. The 
peristriate area showed no staining (Figure 4(c,j,k)). Weak positivity 

TA B L E  4   Semi-quantitative representation of PV, CR, and CB-ir 
somata throughout the rostro-caudal levels (A most rostral, D most 
caudal) of the Cl. −, 0 somata; +, 1–20 somata; ++, 21−40 somata; 
+++, 41−60 somata; ++++, 61−80 somata

Levels PV CR CB

A − + +

B ++ + ++

C +++ + +++

D ++++ + +++

F I G U R E  4   Immunocytochemical staining of the sheep V1. Immunocytochemistry reveals the patterns of calcium-binding proteins in V1 
(e, h, k) and the peristriate area (d, g, j). Calbindin is found in most of the cortical thickness (a, d, e, f), staining round interneurons and some 
pyramidal cells, while calretinin is much more localized, notably in layer 1 (b, g, h, i). Parvalbumin shows also a large positivity throughout the 
cortical thickness (c, j, k, l) with a marked neuropil band in V1 (k). Positive cells are rather large and round multipolar, with weaker staining of 
some pyramidal neurons (l). Bar in (a), (b), (c) is 1000 µm; bar in (d), (e), (g), (h), (j), and (k) is 500 µm, (f), (i), (l) bar is 50 µm

a d e f

g h i

j k l

b

c
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could be seen on some pyramidal cells that could be attributed to 
dendritic synapsing with PV-ir cells covering the pyramidal somata 
or to a markedly lower amount of PV (Figure 4(l)).

3.3 | Tractography

The tractography algorithm computed between the Cl area and 
the wider visual cortical area elicited robust fiber tracts follow-
ing an ipsilateral course (Figure 5). Tracts running directly to the Cl 
emerged from the occipital end of the visual cortical sensory area 
(Figure 5a) through a quite homogeneous bundle, traveling along 
the optic radiation and going through the external capsule region, 
to reach the claustral territory. Few fibers reached further in the 
frontal part of the sheep cortex. Despite a large V1 delimitation, 
only a dorsolateral, occipital band of fibers were found to reach for 
the Cl. Seeding from the Cl caused the appearance of additional 
connection tracts between the caudal part of the Cl to the rostral 
end of the visual area, toward the rostral end of the marginal sulcus 
(Figure 5). Although tract endings are not the forte of tractography, 
the tracts reaching the Cl seemed not to end at the dorsocaudal 
entry from the external capsule, but continue further into the an-
terior claustral area. We could not find any reliable commissural in-
nervation from V1 to the Cl, while V1-V1 commissural fibers could 
be detected (not shown).

4  | DISCUSSION

In the present study, we have analyzed different neuronal popula-
tions in both the Cl and the visual cortex of the sheep, based on the 
patterns of CBPs expression. We also defined the fiber tracts run-
ning between the left and right Cl and the visual areas by MRI scans.

4.1 | Choice of markers and methodology

The choice of CBPs as neurochemical markers of the Cl and visual 
cortex is based on former studies that indicated that they represent 
good markers for both structures (for general references see Glezer 
et al., 1993; Hinova-Palova et al., 2007; Mathur et al., 2009; Mathur, 
2014). In particular, PV allows to distinguish the Cl from the endop-
iriform nucleus (En) and, in fact, in our samples, it was impossible 
to identify the En in sections immunostained for PV. However, we 
cannot exclude its presence considering that it has been described 
in different species (marmoset: Watakabe, 2017; rat: Watson and 
Puelles, 2017; bat: Orman et al., 2017).

Our experimental series yielded also some unexpected method-
ological results. The monoclonal antibody anti-CB did not reveal im-
munoreactivity in the investigated structures, despite having been 
employed in countless publications (RRID: AB_476894). Here, we 
emphasize that the same antibody elicited a clear positivity in our 

F I G U R E  5   Representation of fiber 
tracts running between the left and right 
Cl (yellow and red, respectively) and 
the left and right visual areas (in blue 
and green, respectively). MRI images 
represent the orthogonal planes. (a) Left 
antero-lateral view. Indicative bar = 1 cm. 
(b) Right antero-lateral view. In (a) and (b), 
the extent of the tracts in the claustra can 
be appreciated, as well as the posterior 
access of the fibers, originating from 
the occipital aspect of the visual cortex. 
(c) Left Lateral view. (d) Right postero-
lateral view. (e) Ventral view where the 
left tracts can be seen reaching up to 
the visual cortex in the dorso-occipital 
cortex. (f) Left antero-lateral view, where 
the Cl is used as a seed to map the tracts 
originating from it. The fibers exiting the 
Cl are very rich. Note the projection to 
the anterior part of the visual territory, 
emerging from the caudo-dorsal part of 
the Cl

a b

c d

e f
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positive control, represented by cerebellar Purkinje cells (see Video 
S1). One possible explanation might be that there are two different 
forms of calbindin in the sheep, with a differential expression in the 
neocortex and the cerebellum, both marked by our polyclonal anti-
body. And indeed, it is worth noting that in Ovis aries, two calbindin 
CALB1 and CALB2, of 262 aa and 271 aa, respectively, are described 
(UniProt). Further investigations are needed to shed light on this sce-
nario, in particular ascribing to the precise antibody target.

4.2 | Claustrum

Our samples showed the unusual shape of the sheep Cl. Indeed, it 
did not resemble any scheme of Cl type described by Kowianski et al. 
(1999); however, the shape we observed in the rostral and medial 
sections was similar to that described in the pig (Pirone et al., 2019). 
Moreover, the triangular aspect of the middle sheep Cl was a feature 
found in zebras, lamas, and zebus (Buchanan and Johnson, 2011), 
and also in cats even if the dorsal triangular cat Cl extends ventrally 
with a thin stem (Sherk, 1986; Johnson et al., 2014).

In our sections and in the 3D model (Figure 2), the sheep Cl 
appeared as a continuous structure, in contrast from what was re-
ported for the Cl in the gorilla, cetaceans, and pigs, where cell is-
lands or lobulations were described (Baizer et al., 2014; Johnson 
et al., 2014; Pirone et al., 2020). As in other mammal species, the 
sheep Cl was encased in an external and extreme capsule, the latter 
lacking or being poorly developed in Insectivora and in some rodents 
(Kowianski et al., 1999); these two capsules make the Cl easily distin-
guishable from its surrounding structures.

Immunoperoxidase investigation revealed a particular distribu-
tion pattern of PV, CR, and CB within the sheep Cl. The semi-quan-
titative representation of CBPs immunoreactive somata showed 
that PV and CB-positive cell bodies increased, moving caudally. Our 
data show that CR-labeled somata were few and evenly distributed 
along the rostro-caudal axis, contrarily to what reported for marine 
Cetartiodactyls, were CR-containing neurons were prevalent in the 
Cl (Cozzi et al., 2014). Furthermore, PV and CB-ir fibers were scarce 
while CR-positive fibers formed a dense network surrounding neg-
ative cell bodies.

CBPs immunoreactivity was seen throughout the Cl of other 
mammal species (rat: Druga et al., 1993; monkey: Reynhout and 
Baizer, 1999; cat: Hinova-Palova et al., 2007; Rahman and Baizer, 
2007; human: Hinova-Palova et al., 2014; human, chimpanzee, ma-
caque: Pirone et al., 2014; dog: Pirone et al., 2015; squirrel monkey: 
Baizer et al., 2020), suggesting that similar subclasses of Cl neurons 
exist in multiple species and share a homogeneous spatial distribu-
tion pattern throughout the anterior–posterior extent of the Cl.

The distribution of CBPs immunoreactivity is not homogeneous 
along the dorsal–ventral axis of the Cl. In the human Cl, there are 
more PV-ir elements in the central portion of the nucleus than in the 
dorsal and ventral aspects (Hinova-Palova et al., 2014). In the cat and 
dog, the superior Cl contains a higher number of PV-ir somata, and 
the quantity progressively decreases in the intermediate and inferior 

parts (Hinova-Palova et al., 2007; Pirone et al., 2015). In human, 
chimpanzee and macaque Cl both CR- and PV-ir neurons are mostly 
localized in the central and ventral region of the structure (Pirone 
et al., 2014). Dorsoventral subdivisions of the Cl are important, as 
the dorsal Cl is the part connected to the visual cortex in the cat 
(LeVay and Sherk, 1981; Minciacchi et al., 1995), but not in primates, 
where the visual Cl is in the ventral Cl (Remedios et al., 2010).

Our present findings on the distribution of PV-ir cell bodies in 
the sheep are similar to those we have recently observed in the pig 
(Pirone et al., 2019), another Cetartiodactyl. In both species, positive 
somata increased along the rostro-caudal axis of the nucleus. This 
pattern, considered together with that of CB, might suggest a poten-
tially specific function of the caudal end of the sheep Cl, as already 
hypothesized for the pig.

4.3 | Visual cortex

The localization of CBPs has been reported in the visual cortex of 
several mammals, including primates and rodents (for comparative 
studies see Glezer et al., 1993), carnivores (Yu et al., 2011), bat (Kim 
et al., 2016), and cetaceans (Hof et al., 1999). However, the presence 
and distribution of CBPs in the visual cortex of hoofed mammals is 
seldom reported (Hof et al., 1999) and reflects the reduction of the 
isocortex to five layers (for general discussion see Cozzi et al., 2017; 
for the sheep see Peruffo et al., 2019). In our experimental series, we 
found many multipolar and fusiform CB-ir neurons diffuse through 
the lower layers of the cortex, but not in layer 1, 2, and the upper 
part of layer 3. The low density of intensely stained CR-ir neurons in 
our preparations does not reflect the accepted view that the number 
of CR-positive neurons is much higher than that of CB-positive neu-
rons (Hof et al., 1999). The CR-ir neurons present in layer 2, 3, and 5 
were, however, relatively large, and their pattern was comparable to 
what was found in other hoofed mammals as the camel (Hof et al., 
1999).

Interestingly, we noted that in the sheep, the staining pattern for 
PV was the opposite of that for CR, which showed a marked stain in 
the medially adjacent gyrus (cingulate, see Figure 4). Our data pres-
ent some difference with what described on the distribution and 
relative presence of CPBs in Cetardiodactyls by Hof et al. in their 
seminal paper (Hof et al., 1999), to which we refer for comparison. A 
weak staining of pyramidal cells for CB in layer 3 has been reported 
previously (Hof et al., 1999), and here, we report that PV staining 
in pyramidal layer 3 is weak too (Figure 4). This points out to the 
relative similarity in PV and CB distribution, characterized by larger 
round and multipolar cells for PV, and more bitufted neurons for CB 
(Figure 4). Interestingly, the staining pattern for PV was the opposite 
of that of CR, which showed a marked stain in the medially adjacent 
gyrus (cingulate, see Figure 4).

Neurons expressing CBPs are classically considered GABA-
ergic interneurons mainly localized in the neocortex (see Tremblay 
et al., 2016 for review). Long-range GABA-ergic neurons have been 
shown to project in cortico-cortical bundles, and in bidirectional 
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hippocampo-entorhinal reciprocal inhibition (Tomioka and Rockland, 
2007; Melzer et al., 2012). However, CBPs have also been spotted 
in projections outside the prosencephalon. PV and CB have been 
reported in the substantia nigra, trigeminal nucleus, and in thalamic 
neurons that project to the cortex (Gerfen et al., 1985; Bennett-
Clarke et al., 1992; Rausell et al., 1992), while CR has been found 
to be dynamically expressed in L5a excitatory pyramidal neurons 
of the mouse barrel cortex (Liu et al., 2014). Recently, PV-positive 
excitatory neurons have been identified in the superior colliculus 
of the mouse, their projections making up the visual pathway to 
trigger fear (Shang et al., 2019). Moreover, projection neurons of 
the inferior olive express both CR and CB (Baizer et al., 2011) and 
the Purkinje cells of the cerebellar cortex express PV (Celio, 1990). 
Substantiated connections seem to exist in primates (Tanné-Gariépy 
et al., 2002; Fernàndez-Miranda et al., 2008), cats (LeVay and Sherk, 
1981), rabbits (Carman et al., 1964; Gutierrez-Ibarluzea et al., 1999), 
and sheep, and the Cl itself activates during visuomotor tasks and 
integration (Baugh et al., 2011). However, spineless neurons in both 
in the claustrum and the visual cortex of the cat have been shown 
to be non-projecting neurons (LeVay and Sherk, 1981). In rabbits, 
retrograde tracing seemed to demonstrate direct connections from 
Brodmann's area 17 by pyramidal cells and stellate cells (Gutierrez-
Ibarluzea et al., 1999). Recent research reports that some claustral 
cells co-express VGLUT1 and GAD65, suggesting that projecting 
neurons in the claustrum could provide inhibition to neurons either 
locally or in more distant cortical areas (Atlan et al., 2018). Although 
our data does not shine light on any directionality, as a working hy-
pothesis, we may consider that part of that input to the Cl in the 
sheep could be inhibitory and mediated by GABA-ergic neurons.

4.4 | Tractography

Tractography has been applied to map human cortico-claustral 
connections and reported the presence of occipito-frontal fasci-
cles coming from the occipito-parietal region to the Cl and beyond 
(Fernàndez-Miranda et al., 2008; Fernández-Miranda et al., 2015; 
Meola et al., 2015). This is in agreement with our more focused DTI 
which was limited to the primary visual area in the dorso-occipital 
region of the sheep brain and its connection to the Cl. The emerg-
ing bundle from V1 seems to concord with Clarke and Whitterige's 
(1976) reduced V1 findings. Our data therefore confirm the exist-
ence of such a bundle seems in the sheep. As was shown in the 
mouse (Atlan et al., 2017), our tracts reveal a rather central, tight 
bundle reaching the claustrum (Figure 5). However, we detected 
no contralateral projection in the visuo-claustral interconnections. 
In all of our subjects used for tractography (n = 3), a slight incon-
stant asymmetry was observed, which could have resulted from 
the variability in hand parsing of the cortical areas, or specimen 
variability, but no anatomical feature should be deducted from it. 
Given the fact that the regions were segmented by hand, there is 
a risk to catch unrelated passing fibers, which is especially prob-
lematic in the white-matter embedded claustrum. However, this is 

applicable to any similar study, and we did our best to be conserva-
tive in the segmentation. A known limitation of tractography is the 
estimation of tract endings, and most importantly, directionality. 
There seems to be evidence, however, that a visual to claustrum 
connection exists, at least in the mouse (Wang et al., 2017). Finally, 
in the cat, the visual zone is sitting at the dorsocaudal part of the 
clausrtum (Sherk, 1986), which is coherent with the entry level of 
our tracts (Figure 5(e)).

Sheep and goats have laterally placed eyes and a limited bin-
ocular vision, but they do possess binocular neurons (Clarke and 
Whitteridge, 1976; Clarke et al., 1976) and are known to have a good 
depth perception (Walk and Gibson, 1961). Contralateral claustro-vi-
sual projections have long been described in the cat (Jayaraman and 
Updyke, 1979; Sanides and Buchholtz, 1979; Olson and Graybiel, 
1980; Squatrito et al., 1980). We lowered the thresholds used for the 
ipsilateral bundles in the attempt to find crossing fibers reaching the 
contralateral Cl, but with no result. Our data suggest that contralat-
eral connections are absent in the sheep, or perhaps very limited as 
in the cat (Olson and Graybiel, 1980). We also note that connections 
(seeding from the claustrum, Figure 5(f)) may reach peristriate areas 
such as V2, V3, or V4 that we did not map, because their precise lo-
cation and topography has not been identified in the sheep, although 
tracing studies showed a quite wide visual territory (Karamanlidis 
et al., 1979). The absence of contralateral projections could be of 
prime importance if confirmed by other studies, to rule out the role 
of the Cl in stereopsis.
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