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Abstract

The superior colliculus (SC) is a layered midbrain structure with functions that include
polysensory and sensorimotor integration. Here, we describe the distribution of differ-
ent immunohistochemically identified classes of neurons in the SC of adult marmoset
monkeys (Callithrix jacchus). Neuronal nuclei (NeuN) staining was used to determine
the overall neuronal density in the different SC layers. In addition, we studied the
distribution of neurons expressing different calcium-binding proteins (calbindin [CB],
parvalbumin [PV] and calretinin [CR]). Our results indicate that neuronal density in the
SC decreases from superficial to deep layers. Although the neuronal density within the
same layer varies little across the mediolateral axis, it tends to be lower at rostral levels,
compared to caudal levels. Cells expressing different calcium-binding proteins dis-
play differential gradients of density according to depth. Both CB- and CR-expressing
neurons show markedly higher densities in the stratum griseum superficiale (SGS),
compared to the stratum opticum and intermediate and deep layers. However, CR-
expressing neurons are twice as common as CB-expressing neurons outside the SGS.
The distribution of PV-expressing cells follows a shallow density gradient from superfi-
cial to deep layers. When normalized relative to total neuronal density, the proportion
of CR-expressing neurons increases between the superficial and intermediate layers,
whereas that of CB-expressing neurons declines toward the deep layers. The pro-
portion of PV-expressing neurons remains constant across layers. Our data provide
layer-specific and accurate estimates of neuronal density, which may be important for
the generation of biophysical models of how the primate SC transforms sensory inputs
into motor signals.
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1 | INTRODUCTION

The superior colliculus (SC) is a midbrain structure with roles that
include the coordination of eye, neck, and shoulder movement to
dynamically respond to novel stimuli (Allen et al., 2021; White &
Munoz, 2012). The SC is a key locus for integrating and converting
many types of sensory information (e.g., visual, auditory, somatosen-
sory) into movement signals (Allen et al., 2021; Chen et al., 2019;
Corneil & Munoz, 2014; Isa et al., 2021; White & Munoz, 2012). The
present study addresses the neuronal composition of the SC in the
common marmoset monkey (Callithrix jacchus), one of the smallest
simian primates.

Histologically, the SC consists of seven distinct cellular layers, which
are typically regarded as being organized into three functional regions
(Baldwin & Krubitzer, 2018; May, 2006). The three dorsal-most layers
(stratum zonale [SZ], stratum griseum superficiale [SGS] and stratum
opticum [SO]) form the superficial functional region, which receives
and processes visual input (Corneil & Munoz, 2014; Rosa & Schmid,
1994). The intermediate (stratum griseum intermedium [SGI] and stra-
tum album intermedium [SAI]) and deep (stratum griseum profundum
[SGP] and stratum album profundum [SAP]) functional regions facil-
itate higher-level processes such as the integration of convergent
sensory, cognitive, and motor-related information (Corneil & Munoz,
2014; White & Munoz, 2012).

The SC comprises a heterogeneous neuronal population composed
of inhibitory and excitatory projection neurons intermingled with local
interneurons (Bourne & Rosa, 2003; Essig et al., 2021; Hilbig et al.,
1999; Laemle, 1981; Ma et al., 1990; Mize, 1992; Sooksawate et al.,
2011; White & Munoz, 2012; Whyland et al., 2020). The calcium-
binding proteins calbindin (CB), calretinin (CR), and parvalbumin (PV)
are among the known markers present in some populations of SC neu-
rons (Baldwin & Krubitzer, 2018; Bischop et al., 2012; Kook et al., 2014;
McHaffie et al., 2001; Soares et al., 2001). However, studies in pri-
mates so far have been based solely on qualitative assessments. In New
World titi monkeys, it has been described that the occurrence of CB-
and PV-stained neurons decreases gradually from dorsal to ventral lay-
ers of the SC (Baldwin & Krubitzer, 2018), whereas observations in
Cebus monkeys indicate heavy CR and CB staining in the superficial lay-
ers and PV staining throughout the SC (Soares et al., 2001). The latter
description agrees with the pattern described for Old World macaque
monkeys (McHaffie et al., 2001).

The marmoset monkey is an emerging animal model in neuro-
science, with interest growing rapidly due to factors including its
small size, lissencephalic brain, short developmental cycle and lower
biosafety risk compared to macaque monkeys (Solomon & Rosa, 2014;
Mitchell & Leopold, 2015; Okano et al., 2012). In the present study, we
aimed to quantify the neuronal distribution in the SC of marmosets
using stereological analysis of sections stained for a specific neuronal
marker, neuronal nuclei (NeuN; Wolf et al., 1996). We further exam-
ined the localization of CB-, CR-, and PV-expressing neurons to provide
insights into their likely differential contributions to the SC neuronal

network.
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2 | METHODS

2.1 | Animals

Materials obtained from six healthy adult marmosets (C. jacchus) aged
between 26 and 43 months (four females; F1741, F1882 and CJ200,
CJ167 and two males; CJ195 and CJ205). The experiments were con-
ducted in accordance with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes. All procedures were
approved by the Monash University Animal Ethics Experimentation
Committee, which also monitored the health and well-being of the
animals throughout the experiments. The animals had no veterinary

record of serious or chronic health conditions.

2.2 | Tissue perfusion, preparation, and
cryosectioning

At the conclusion of the anatomical tracing experiment unrelated to
the present study (Majka et al., 2016, 2020), the marmosets were
overdosed using sodium pentobarbitone (100 mg/kg, i.m.), and tran-
scardial perfusion was performed using heparinized saline, followed
by 4% paraformaldehyde in 0.1 M phosphate buffer (Atapour et al.,
2017). The collected brains were postfixed in the same medium for
24 h, after which cryoprotection was performed by submerging the
brains in buffered paraformaldehyde solution containing increasing
concentrations of sucrose (10%, 20%, and 30%). Cryosectioning of the
hemisphere contralateral to the tracer injections was performed at
40 um on a Leica CM1850 cryostat, yielding five sequential series of
coronal sections. Different series were stained for different markers
including myelin (Gallyas, 1979, modified by Worthy et al., 2017) and
NeuN (Wolf et al., 1996) to help delineate the laminar boundaries.
Other series were stained for calcium-binding proteins.

2.3 | Immunostaining

The primary antibodies used in this study were specific for NeuN
[1:800, Merck Millipore (USA), MAB377, Clone A60, RRID:
AB_2298772], CB [1:8000, Swant (Switzerland), Code No. 300,
RRID: AB_10000347], CR [1:8000, Swant (Switzerland), Code 6B3pur,
RRID: AB_10000320], and PV [1:8000, Swant (Switzerland), Code
235, RRID: AB_10000343]. The sections were incubated in blocking
solution (10% normal horse serum and 0.3% Triton-X100 in 0.1 M
PB) for 1 h at room temperature before undergoing primary antibody
incubation at 4°C for 42-46 h. A biotinylated horse anti-mouse 1gG
secondary antibody [1:200, PK-6102, Vectastain elite ABC HRP kit,
Vector Laboratories (USA), RRID: AB_2336821] incubation was then
conducted for 30 min, followed by treatment with Avidin-Biotin
Complex reagent (PK-6102). These applications were timed 30 min
and conducted at room temperature. DAB substrate working solution
(DAB kit SK-4100, RRID: AB_2336382) was then applied.
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FIGURE 1 Coronal sections of marmoset SC stained for myelin, NeuN (top), and calcium-binding proteins (calbindin, calretinin, and
parvalbumin; bottom). Images represent sections from interaural levels near the central part of the SC (Paxinos et al., 2012). Top left: myelin stain;
top middle: NeuN stain. Dashed lines indicate the boundaries between the layers of the SC. The oblique rectangles in the myelin and NeuN images
indicate the locations of the close-up images shown in Figure 2. Top right: reduced opacity version of the NeuN-stained image, indicating the
location of counting frames (black rectangles) and counted neurons (red dots) used in stereological analysis. Bottom: sections stained for different
calcium-binding proteins. The oblique rectangles in each image indicate the locations of the close-up images shown in Figure 4. Scale (bottom left):
1 mm. Abbreviations: PAG, periaqueductal gray; SAl, stratum album intermedium; SAP, stratum album profundum; SGP, stratum griseum
profundum; SGI, stratum griseum intermedium; SC, superior colliculus; SZ, stratum zonale; SGS, stratum griseum superficiale; SO, stratum opticum

2.4 | Stereological sampling and analysis
An Aperio Scanscope AT Turbo (Leica Biosystems, Germany) was
used to scan sections containing the SC (x20 magnification, resolu-
tion: 0.5 um/pixel). Neuronal counts presented in Figures 2 and 4
were obtained from three coronal SC sections 200 um apart, approx-
imately from the central part of the SC (including AP level +1.0 mm of
Paxinos et al. 2012). As shown in Figure 1, stereological sampling
included six counting rectangles (each 150 x 100 um?2) placed equidis-
tant from the lateral to the medial limits of each SC layer, excluding
the SZ and SAP, which are primarily composed of myelinated fibers.
Our sampling method was similar to that of Williams and Rakic (1988),
also used by Finlay et al., 2014 and ourselves (Atapour et al., 2017)
in the lateral geniculate nucleus in which radial probes are placed to
evenly divide the outer- and innermost perimeters to designate count-
ing regions. Given the layered organization of SC and the expansion of
the layers toward the dorsal surface, this radial sampling method was
preferred to a fixed-distance grid method, allowing accurate analysis
of density changes in the radial dimension (across layers) in the most
reliable way.

Each counting rectangle included two exclusion lines (left and bot-
tom) and two inclusion lines (right and top) (Atapour et al., 2017).
A cell was counted if it was completely within the counting rectan-

gle or if the cell body touched the inclusion lines (Atapour et al.,
2017). Neurons were identified within each sampling frame using
previously published criteria (Atapour et al, 2017, 2019; Schmitz
& Hof, 2005), and only cells with clear nuclei were counted, inde-
pendent of size and shape. In calculating the number of cells per
volume unit, both the section thickness (40 um) and a shrinkage
factor of 0.801 (Atapour et al, 2017) were considered. Average
data from three consecutive sections through the central part of
the SC were combined to calculate the mean neuronal density of
NeuN-, CB-, CR- and PV-expressing neurons across SC layers, pre-
sented in Figures 2 and 4. For analysis of a rostrocaudal gradient
(Figure 3), sampling frames were only placed in the central part of each
coronal section, covering the middle two radial columns, as shown in
Figure 1 (top right). Sections spaced at 400 um were used for this anal-
ysis. The most caudal or rostral sections, which do not include all SC
layers, were excluded. All statistical analyses were conducted using
GraphPad Prism v9.2.0 (Graph-Pad Software, La Jolla, CA, USA).

3 | RESULTS

The approximate limits of the SC layers in the marmoset monkey

were identified by convergent information from sections stained for



CHONGET AL.

ARCH IN
SYSTEMS NEUROSCIENCE

WILEY- -2

(a) (Myelin)

Mean neuronal density (x103/mm?®)

Mean neuronal density (x10%mm®) @

—~~
Q.
~

~

= N W b OO O N ©
© 5 9 55 3 3 QS

THE JOURNAL OF COMPARATIVE NEUROLOGY

NeuN

801
70+
60+
50+
404
301
20+
101

SGS SO uSGlI ISGI SAlI SGP

NeuN

* SGS
¢ SO
uSGl
A ISGI
SAl
SGP

R?=0.29

0
Medial

Lateral

FIGURE 2 Neuronal density across superior colliculus (SC) layers. Representative close-up strips of marmoset SC layers after staining for
myelin (a) and NeuN (b), scale: 200 um. (c) Morphological types of NeuN-stained neurons shown at higher magnification, scale: 50 um. (d) Mean
neuronal density for the different SC layers (mean + SEM). Statistical comparisons: **p < .01, ****p < .0001 for comparisons with SGS; xxp < .01,
xxxp <.001, xxxxp < .0001 for comparison with SO. (e) Mean neuronal density across the mediolateral extent of each SC layer. With the
exception of the SAIl (red; RZ = 0.29), most layers showed nonsignificant gradients in the mediolateral dimension. Layer abbreviations as in Figure 1

different neuronal markers. The dorsal-most layer was identified as the
myelin-rich, thin SZ, followed by the SGS, which was characterized by a
densely packed neuronal population in both the NeuN and CB stains
and appeared to be more myelinated toward its lower limit (Figure 1).
A pattern of alternating cell-rich and cell-poor regions was observed
within the SO in the NeuN stain (Figure 1), which along with the ingress
of myelinated fibers helped identify its borders. The presence of large
cells was a hallmark of SGI, which could be divided into the upper and
lower parts based on neuronal density. The transition from the SGI to
the SAl was well characterized by a more uniform presence of smaller
neurons. A horizontal fiber pattern specific to the SGP was evident
with myelin and PV stains. SAP was thin, stained darkly for myelin, and

contained few neurons as identified in NeuN stain.

3.1 |
the SC

Gradient of neuronal density across layers in

Neuronal morphology and density were variable among layers of SC, as
identified using NeuN stain (Figure 2a,b). Examples of neurons present
in different layers are shown in Figure 2c. NeuN, which specifically
stains neurons (Wolf et al., 1996), revealed a clear gradient of density

across the dorsoventral axis of the SC, with the highest concentra-

tion in the SGS and SO, as confirmed by one-way analysis of variance
(ANOVA; Figure 2b,d; F (5,48) = 25.63, p <.0001, post hoc; SGS vs. SO,
p < .01, SGS vs. all other layers, p < .0001, SO vs. ISGI, p < .01, SO vs.
SAl,p <.001 and SO vs. SGP, p <.0001). This analysis showed no signifi-
cant difference between neuronal density in the intermediate and deep
layers (p > .05). Neuronal density was mostly uniform across the medi-
olateral extent of the SC, with the only notable gradient being observed
in the SAI (simple linear regression; R = 0.29, p < .0001, Figure 2¢). In
summary, these results show that layers closer to the surface of the SC
had higher neuronal densities compared to deeper layers, and that the
distribution of neurons across the mediolateral axis of each layer was

generally uniform, apart from in the SAI.

32 |
the SC

Rostrocaudal gradient of neuronal density in

Neuronal density in the SC gradually increased from rostral to caudal
levels. This gradient of density was significantly different from zero for
all layers of SC (Figure 3a-d, linear regression analysis; SGS; R2 = 0.60,
p<.01,S0;R%2=0.77,p < .0001, uSGl and ISGI; RZ = 0.59, p < .01, SAI;
R2= 0.7, p < .01, SGP; R2 = 0.38, p < .05). However, there were no
significant differences between the slopes obtained for the different
layers (F (5,72) = 2.21,p = .06).
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FIGURE 3 Neuronal density across the rostrocaudal dimension of the superior colliculus (SC). A change in density is clear in NeuN-stained
images of marmoset SC, representing sections from interaural level +1.50 mm (a), +0.50 mm (b), and —2.0 mm (c) based on Paxinos et al. (2012). (d)
Mean rostrocaudal gradient of density for all layers of the SC. (e) Representative image of myelin-stained, parasagittal section of the SC, taken
from an animal not used for quantitative analysis in this study. Yellow arrows show points of entry of large fiber bundles into the rostral end. These
bundles become progressively less obvious toward the caudal end. Layer abbreviations as in Figure 1. Abbreviations: C: caudal; D: dorsal; R,

rostral; V, ventral. Scale: 1 mm

33 |
the SC

Distribution of calcium-binding proteins in

The cell bodies of neurons stained for CB, CR, and PV varied between
5 and 40 um in diameter. Most CB-expressing neurons tended to be
small and bipolar in shape (Figure 4a,b). Among those positive for
CB were neurogliaform (NG) neurons (Overstreet-Wadiche & McBain,
2015), which were located mostly in the SGS and uSGI (Figure 4a,b,
red arrow in 4b points to an NG neuron). These NG neurons, charac-
terized by a cell body surrounded by a “halo” of thin processes, were
also previously reported to be present in the CB-stained marmoset
cortex (Bourne et al., 2007). CR-positive neurons were mostly small
and bipolar, although some were among the largest neurons of the SC
and had multipolar morphology (Figure 4b). PV-positive morphology
ranged between unipolar, bipolar, and multipolar and was variable in
size.

Staining for the three calcium-binding proteins revealed differential
gradients of density across the dorsoventral axis of the SC (Figures 1
and 4a,c). The change in density was most obvious with CB staining,
as CB-expressing neurons were mostly concentrated near the surface,

particularly in the SGS, creating a superficial dense tier, followed by

a second tier in the SO and SGI and a third tier in the most ven-
tral layers. This tiered appearance of CB stain best resembled those
described for macaque monkeys (McHaffie et al.,, 2001) and resem-
bled a series of stepwise decreases in neuronal density (Figure 4c).
The pattern of decrease in density for CR-expressing neurons was sim-
ilar to CB-expressing neurons, although the gradient of density was
less pronounced because CR-expressing neurons were approximately
twice as common as CB-expressing neurons in layers outside the SGS.
The gradient of density for PV-expressing neurons was also less pro-
nounced due to the relative paucity of these neurons in the upper
layers.

Statistical comparison of mean neuronal densities using one-way
ANOVA for CB, CR, and PV-expressing neurons showed significant
differences between layers (CB: F (5, 48) = 23.65, p < .0001, PV:
F (5, 48) = 5.32, p < .001, CR: [F (5, 48) = 3.62, p < .01, Figure 4c).
For CB-expressing neurons, post hoc Tukey’s test revealed statistically
significant differences in mean neuronal density between the SGS and
the remaining layers (p <.0001 for all comparisons). For PV-expressing
neurons, a post hoc test revealed statistically significant differences
between SGS or SO compared to deeper layers (Figure 4c, SGS vs. ISGl,
p < .05, SGS vs. SAl or SGP, p < .01, SO vs. SGP, p < .05). However, for
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FIGURE 4 Differential expression of the calcium-binding proteins calbindin (CB), calretinin (CR), and parvalbumin (PV) in the marmoset
superior colliculus (SC). (a) Representative close-up strips of marmoset SC layers stained for calcium-binding proteins, as indicated in Figure 1.
Scale bar: 200 um. (b) Characteristic cellular morphologies observed in the SC after staining for CB, CR, and PV. The red arrow points to a
CB-expressing neurogliaform neuron. Scale: 50 um. (c) Density of CB-, CR-, and PV-expressing neurons across the SC layers (mean + SEM). A
decreasing trend was observed in the dorsoventral direction in all three stains. Statistical comparisons: xxxxp < .0001, for comparison of SGS
with all other layers in CB staining; xp < .05, xxp < .01 for comparisons with SGS in CR staining; *p < .05, **p < .01 for comparison with SGS and
*p < .05 for comparison with SO in PV staining. (d) Mean percentages of CB-, CR-, and PV-expressing neurons (relative to the density of
NeuN-expressing neurons) within the SC. For comparisons within each layer; CR vs. CB, *p <.05, " p < .01, ***p <.001, ****p <.0001, and CR vs.

PV, xp < .05, xxp < .01. Layer abbreviations as in Figure 1

CR-expressing neurons, a post hoc test revealed statistically significant
differences only between SGS and the two deepest layers analyzed
(Figure 4c, SGS vs. SAl, p < .05,SGS vs. SGP, p < .01, Figure 4c).

3.4 | Proportion of neurons stained for
calcium-binding proteins

The proportions of CB-, CR-, and PV-expressing neurons (i.e., as a frac-
tion of all neurons, identified by NeuN staining) are shown in Figure 4d.

Two-way ANOVA was performed to compare the ratio of CB-, CR-, and
PV-expressing neurons across layers (type of calcium-binding protein:
F(2,144) = 24.22,p < .0001, layers: F (5, 144) = 2.06, p = .07, interac-
tion: F (10, 144) = 2.14, p = .025). Post hoc analysis for comparison of
the ratio of CB-, CR-, and PV-expressing neurons within each layer of
the SC revealed statistically significant differences, suggesting a domi-
nant presence of CR-expressing neurons compared to the other types
in the deeper layers (Tukey's test: uSGI; CR vs. CB, p < .05, ISGI; CR vs.
CBorPV,p<.01,SAI;CRvs.CB,p<.001and CRvs.PVp<.05,SGP; CR
vs.CB, p <.0001 and CRvs. PV p <.01, Figure 4d). Post hoc analysis for



RESEAR

2972 SVSTEME?!;’:IRHSEIENEE
] WILEY

CHONGET AL.

THE JOURNAL OF COMPARATIVE NEUROLOGY

comparison between layers in each stain showed that the proportion
of CB-expressing neurons was significantly different between the SGS
and SGP (p < .05), suggesting a decrease in the ratio of CB-expressing
neurons toward the most ventral layer of SC. In contrast, the ratio of
CR-expressing neurons showed a small increase toward the interme-
diate layers, and the difference between SO and ISGI was significantly
different (p <.05). The proportion of PV-expressing neurons was nearly
uniform across the dorsoventral axis, with no significant differences

observed between layers (p > .05).

4 | DISCUSSION

We provide quantitative estimates of the total neuronal density in
the different layers of the marmoset SC using stereological sampling
applied to NeuN-immunostained sections. We also determined the dis-
tribution of neurons expressing different calcium-binding proteins and

their percentages relative to estimates of total neuronal density.

4.1 | Neuronal density in different layers of the SC
This is the first quantitative study of the cellular composition of
the marmoset SC. An earlier study on this species (Bourne &
Rosa, 2003) described the morphological characteristics of neurons
stained with the monoclonal antibody SMI-32, which recognizes non-
and de-phosphorylated epitopes on the medium and heavy molec-
ular weight subunits of the neurofilament protein (Sternberger &
Sternberger, 1983) but did not include quantification. The present
results support the findings of this study with regard to the laminar
structure of the SC, which follows a relatively stereotyped mammalian
pattern (Baldwin & Krubitzer, 2018; May, 2006; Rosa & Schmid, 1994;
White & Munoz, 2012).

Although previous studies have estimated the neuronal density in
the SC in other species (e.g., rats (Albers et al., 1988); hamsters (Ptacek
& Fagan-Dubin, 1974); hemispherectomized green monkeys (Theoret
et al,, 2001), most of these studies were based on Nissl-stained sec-
tions, which tends to lead to overestimation (Atapour et al., 2019). The
use of NeuN, a specific marker for neuronal nuclei, makes the present
estimates more accurate. A quantification of neuronal density based on
NeuN staining of the mouse SC (Tanaka et al., 2009) did not address
laminar differences.

We found that neuronal density in the marmoset SC followed
a dorsoventral laminar gradient, with the highest densities being
observed in the superficial layers (SGS and SO), where neurons with
small visual receptive fields are found (Tailby et al., 2012). In contrast,
there was little variation along the mediolateral axis within the lay-
ers, which maps locations from upper to lower extrapersonal space (for
review, see Rosa & Schmid, 1994). This is consistent with the functional
organization of SC into layers that form superimposed functional maps
aligned with the visual field representation (Isa et al., 2021; May, 2006)
in which different points of the visual field are represented by approx-

imately constant numbers of neurons (Capuano & Mcllwain, 1981;

Rosa & Schmid, 1995). The higher density of neurons in sensory layers
such as SGS and SO is in line with the more fine-grained representa-
tion, with each cell having smaller visual receptive fields compared with
the deep layers (Cynader & Berman, 1972; Hubel et al., 1975; Rosa &
Schmid, 1994), while lower neuronal density in the intermediate and
deep layers fits with wider, multisensory and motor representations
required for the integrative role of these neurons (Perrault et al., 2012;
Robinson, 1972; Stein et al., 2001; White & Munoz, 2012). The require-
ment for a wider variety of axonal inputs from cortical and subcortical
structures in the deeper layers can lead to more extensive dendritic
arborization, which is linked to the presence of fewer neurons (for
review, see Isa et al., 2021; May, 2006; White & Munoz, 2012). A similar
principle governs the distributions of neurons across primary sensory
and associative areas of the cortex (Atapour et al., 2019; Elston et al.,
1999; Theodoni et al., 2021). Moreover, the more prominent occur-
rence of myelinated fiber bundles in the deep layers implies less space

for the presence of neurons (May, 2006).

4.2 | Distribution of neuronal density across the
rostrocaudal extent of SC

The existence of a neuronal density gradient across the rostrocaudal
extent of the SC, which was present in every layer, is likely to be dic-
tated by the amount of afferent fibers present. The point of entry of
thick axonal bundles from the retina and cortex is in the rostral end of
the SC (Figure 3e, May, 2006; White & Munoz, 2012). As these fibers
make synapses en route to the caudal end, their density will become
progressively lower, providing space for the presence of more closely
packed neurons. While this pattern of white matter presence matches
well with the observed gradient of neuronal density, particularly in
the SO and SGlI layers (which receive the bulk of fibers at point of
entry; Figure 3e), other factors such as connectivity pattern with other
subcortical structures could also contribute to this gradient of density.

4.3 | Distribution of neurons expressing
calcium-binding proteins

The density of CB-expressing neurons followed a steep gradient from
the superficial to deep layers of the SC, leading to a decrease in
the proportion of CB-expressing neurons in the same direction. This
observation in the marmoset SC agrees with most studies in primates,
including those in the SC of Cebus, titi, and macaque monkeys (Baldwin
& Krubitzer, 2018; Glezer et al., 1998; McHaffie et al., 2001; Mize &
Luo, 1992; Soares et al., 2001). Indeed, the three-tiered arrangement
for CB, described by McHaffie et al. (2001) in macaque monkeys, can
also be observed in marmoset SC. The expression of PV followed a sim-
ilar gradient as the overall neuronal density, and thus the proportion
of these neurons remained constant across layers. The observed gra-
dient of density for PV-expressing neurons, although less pronounced
compared to CB-expressing neurons, was similar to observations in titi

monkeys (Baldwin & Krubitzer, 2018). Studies in macaque and Cebus
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monkeys, which reported a more uniform presence of PV-expressing
neurons in all SC layers (Glezer et al., 1998; McHaffie et al., 2001;
Soares et al., 2001), may have not captured the decreasing gradient of
density observed in marmosets due to their qualitative nature. Indeed,
our results with PV staining qualitatively resemble those reported
previously for macaque monkeys (McHaffie et al., 2001).

Interestingly, the density of CR-expressing neurons showed less
variation across the SC layers, thus leading to a higher proportion of
such neurons in the intermediate layers. Similar to our findings, Soares
et al. (2001) showed a higher presence of CR-expressing neurons in the
intermediate layers in Cebus monkeys. The larger proportional repre-
sentation of CR-expressing large neurons in the deeper layers of SC
may be related to their integrative role, similar to the predominance
of CR-expressing neurons in the frontal and parietal cortical areas of
humans and monkeys (Conde et al., 1994; DZaja et al., 2014; Gabbott
& Bacon, 1996; Ma et al., 2013). Evidence for the integrative role of
CR-expressing neurons has been shown in many areas, including the
cortex, olfactory bulb, and spinal cord (Hardy et al., 2018; Saffari et al.,
2019; Smith et al., 2019, Su et al., 2021).

Our estimated ratios of CB- and CR-expressing neurons in the mar-
moset SC are similar to those reported in the macaque SC (Glezer
et al., 1998). However, for PV-expressing neurons, our estimates are
much lower. Differential expression of various calcium-binding pro-
teins in SC neurons may underlie a particular compartmentalization
aligned with their functional properties. Further understanding may
depend on identifying the excitatory and/or inhibitory nature of these
neurons, which can be addressed through future neurotransmitter
colocalization studies.

Our density data for calcium-binding proteins have been obtained
from the central part of the SC. While our qualitative observation
suggests a similar pattern of staining across layers in the entire ros-
trocaudal extent of the SC, future quantitative studies may provide
further insights into slight variations in the rostrocaudal distribution of
these neurons, which could have implications for processing of sensory
stimuli located nearly directly ahead of the animal versus in peripheral
regions of the extrapersonal space.

Calcium-binding proteins exist in both excitatory and inhibitory neu-
rons of the mammalian SC (Behan et al., 2002; Kang et al., 2002; Lee
et al., 2006; Mize et al, 1991; Shang et al., 2018; Villalobos et al.,
2018; Whyland et al., 2020). While such information is not available for
the primate SC, it can be postulated that a similar relationship exists
in primates, similar to other subcortical structures (Atapour et al.,
2021; Felch & Van Hooser, 2012; Goodchild & Martin, 1998; Grubb &
Thompson, 2004). The expression of calcium-binding proteins in
subcortical nuclei, including the SC, has been shown to be sub-
ject to plastic modifications (Atapour et al., 2022; Gonzalez et al.,
2005; Hada et al., 1999), and future studies may determine the
significance of calcium-binding proteins as biomarkers for neuro-
plasticity within the SC, leading to further clarification of the role
of this structure in functions such as residual vision (Atapour
et al., 2021, 2022; Chan et al, 2021) and multisensory plastic-
ity (Stein & Rowland, 2020; Yu et al, 2009) following cortical
lesions.
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