Received: 21 August 2023

Revised: 30 March 2024

W) Check for updates

Accepted: 16 April 2024

DOI: 10.1002/cne.25618

RESEARCH ARTICLE

RESEARCH IN
SYSTEMS NEUROSCIENCE

THE JOURNAL OF COMPARATIVE NEUROLOGY W l l l .

Comparative anatomy of the caudate nucleus in canids and
felids: Associations with brain size, curvature, cross-sectional
properties, and behavioral ecology

Michael Foster! | Sai Dwibhashyam® | DevanPatel’ | Kanika Gupta' |
OliviaC.Matz' | BrendonK.Billings? | KathleenBitterman® | Mads Bertelson® |
CheukY.Tang* | Rogier B.Mars>® | Mary AnnRaghanti’® | Patrick R.Hof®’ |
Chet C.Sherwood® | Paul R. Manger? | Muhammad A. Spocter’%1!

1Department of Anatomy, Des Moines University, West Des Moines, lowa, USA

2School of Anatomical Sciences, Faculty of Health Sciences, University of the Witwatersrand, Johannesburg, Republic of South Africa

3Center for Zoo and Wild Animal Health, Copenhagen Zoo, Frederiksberg, Denmark

4Departments of Radiology and Psychiatry, BioMedical Engineering and Imaging Institute, lcahn School of Medicine at Mount Sinai, New York, New York, USA

>Wellcome Centre for Integrative Neuroimaging, FMRIB, Nuffield Department of Clinical Neurosciences, University of Oxford, Oxford, UK

éDonders Institute for Brain, Cognition and Behavior, Radboud University Nijmegen, Nijmegen, The Netherlands

7Department of Anthropology and School of Biomedical Sciences, Kent State University, Kent, Ohio, USA

8Nash Family Department of Neuroscience and Friedman Brain Institute, lcahn School of Medicine at Mount Sinai, New York, New York, USA

?New York Consortium in Evolutionary Primatology, New York, New York, USA

10Department of Anthropology and Center for the Advanced Study of Human Paleobiology, The George Washington University, Washington, District of Columbia, USA

11College of Veterinary Medicine, Department of Biomedical Sciences, lowa State University, Ames, lowa, USA

Correspondence

Muhammad A. Spocter, Department of
Anatomy, Des Moines University, 8025 Grand
Avenue, West Des Moines, |IA 50266, USA.
Email: Muhammad.spocter@dmu.edu

Associate editor: Kathleen Rockland.

Funding information

Biotechnology and Biological Sciences
Research Council, Grant/Award Number:
BB/N019814/1; Carnegie Corporation of New
York; lowa STEM BEST; South African National
Research Foundation

Abstract

The evolutionary history of canids and felids is marked by a deep time separation
that has uniquely shaped their behavior and phenotype toward refined predatory
abilities. The caudate nucleus is a subcortical brain structure associated with both
motor control and cognitive, emotional, and executive functions. We used a com-
bination of three-dimensional imaging, allometric scaling, and structural analyses to
compare the size and shape characteristics of the caudate nucleus. The sample con-
sisted of MRI scan data obtained from six canid species (Canis lupus lupus, Canis latrans,
Chrysocyon brachyurus, Lycaon pictus, Vulpes vulpes, Vulpes zerda), two canid subspecies
(Canis lupus familiaris, Canis lupus dingo), as well as three felids (Panthera tigris, Pan-
thera uncia, Felis silvestris catus). Results revealed marked conservation in the scaling
and shape attributes of the caudate nucleus across species, with only slight deviations.
We hypothesize that observed differences in caudate nucleus size and structure for
the domestic canids are reflective of enhanced cognitive and emotional pathways that

possibly emerged during domestication.
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1 | INTRODUCTION

Since their evolutionary divergence in the early to late Eocene, canids
and felids have developed separate morphological and behavioral
adaptations, particularly focused on honing predatory abilities (van
Valkenberg, 1985). This refined predatory prowess (Nowak, 2005) has
skewed our perception of the comparative social and cognitive behav-
iors of the Carnivora. This bias has not only limited the scope of our
knowledge (Tensen, 2018) but also has potentially permitted (through
a lack of action) the ongoing population decline for many of these
mammals.

The recent resurgence of interest in the domestication process
has reignited studies on the comparative morphology (Lyras, 2009),
genetics, and behavioral ecology of wild species to contextualize the
domestication process (Spocter et al., 2018), especially so in wild canids
and felids (e.g., Chengetenai et al., 2020; Grewal et al., 2020; Jacobs
et al., 2018; Nelson et al., 2024; Nguyen et al., 2020; Oddes et al.,
2023; Sacco et al., 2023). Comparisons using this phylogenetic context
(See Figure 1) allows for the study of trait evolution between species
and helps us reconstruct the evolutionary history of the trait under-
study. In addition, comparative behavioral and neuroimaging studies in
domestic carnivores have posed serious questions about the apparent
uniqueness of certain behavioral traits in domesticates and their neu-
roanatomical basis compared to wild-type relatives (e.g., Hecht et al.,
2019, 2021). One prime example of this has been the emerging obser-
vation from functional imaging studies in domestic canids (Canis lupus
familiaris). Through the use of awake state functional magnetic reso-
nance imaging (fMRI), several recent studies have revealed surprising
similarities in the neural pathway of reward prediction and the process-
ing of positive valence stimuli in humans and domestic canids (Andics &
Miklési, 2018; Andics et al., 2016; Berns et al., 2015; Berns et al., 2017;
Cook et al., 2014, 2016; Cuaya et al., 2016; Huber & Lamm, 2017; Jia
etal., 2014; Karl et al., 2020)

The caudate nucleus is known to be involved in the inhibition and
facilitation of voluntary movement (Matz & Spocter, 2022) as well as
playing an important role in cognitive processes, particularly decision-
making based on affective or reward processes and the control of
executive functions (Balleine et al., 2007; Haber, 2003; Haber et al.,
1995; Lauwereyns et al., 2002; Tanaka et al., 2006, 2008). The caudate
nucleus, through its various connections with limbic and prefrontal
cortical regions (e.g., Alexander & Crutcher, 1990, Nambu, 2008), is
involved in many non-motor functions, including memory, motivation,
reward, emotion, and associative learning (e.g., Balleine et al., 2007;
Doi et al.,, 2020; Fischer et al., 2006; Lauwereyns et al., 2002; Seger

& Cincotta, 2005; Tanaka et al., 2008). The caudate nucleus can be
structurally and functionally differentiated into three major parts: an
anterior head, a body, and a tail (see Figure 2; Kotz et al., 2013).
Although projections from the cerebral cortex to the caudate nucleus
(and associated putamen) undergo a wide degree of divergence (Wise
et al., 1996), these connections are differentiated into separate cor-
ticostriatal loops, with the anterior head of the caudate forming part
of the “cognitive” loop, while the tail of the caudate forms part of the
“visual” loop (Lawrence et al., 1998; Middleton & Stick, 1996).

To date, no studies have examined the comparative volumetrics of
the caudate nucleus in carnivores. Thus, there is a gap in our knowl-
edge regarding how caudate nucleus dimensions and shape differences
across canids and felids are related to variation in brain size or behav-
ioral ecology. Here we provide volumetric data on the shape and size

parameters of the caudate nucleus in canids and felids.

2 | MATERIALS AND METHODS
2.1 | Specimens

This data set consists of 12 subjects obtained from captive popula-
tions and representing nine Carnivora species, including six wild canid
species (Canis lupus lupus N = 1 adult male; Canis latrans N = 1 adult
female; Chrysocyon brachyurus N = 1 adult male; Lycaon pictus N = 1,
adult male; Vulpes vulpes N = 1, adult male; Vulpes zerda N = 1, adult
male), two wild felid species (Panthera uncia, N = 1, male 6-year old;
Panthera tigris N = 1, female 12-year old), two domestic canids (C. lupus
familiaris, N = 2, male 9-month old; female 2-year old), one feral canid
(Canis lupus dingo N = 1, male adult), and one domestic felid (Felis sil-
vestris catus N = 1, adult female). A complete species list is included in
Table 1, and their phylogenetic relationships are shown in Figure 1. In

the following, we provide an overview of the image acquisition process.

2.2 | MRI acquisition

Magnetic resonance imaging was performed on the whole brains of
12 carnivore species. Whole brain and caudate volume data were
obtained through segmentation procedures. All scanning was carried
out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes
of Health and approved by the Institutional Animal Care and Use
Committees of Des Moines University, as well as the Animal Ethics and
Screening Committee (AESC) of the University of the Witwatersrand
(AESC No. 2012/53/01). MR images were obtained through ongoing
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Phylogeny used in the implementation of phylogenetic generalized least squares (PGLS). PGLS was performed used the caper

package (Orme et al., 2013). The phylogeny was constructed using data based on the mammalian super-tree (Nyakatura & Bininda-Emonds, 2012)

as well as reference to the open-source resource TimeTree.org.

TABLE 1 Species list and associated brain and caudate mass data measured in grams (g).

Taxonomic Common name/ Brain mass Total caudate Mass of the caudate  Mass of the caudate
family Species specimen number (g) mass (g) head (g) body (g)
Felidae Felis silvestris catus Domestic cat 25.39 0.43 0.04 0.16
Felidae Panthera tigris Siberian tiger/PT1 231.24 2.57 0.38 0.62
Felidae Panthera uncia Snow leopard 69.09 1.02 0.10 0.39
Canidae Vulpes vulpes Red fox/VV1 45.15 0.83 0.07 0.26
Canidae Vulpes zerda Fennec fox/VZ1 16.27 0.34 0.04 0.13
Canidae Canis lupus lupus European wolf/CLL1 139.76 2.08 0.17 0.75
Canidae Chrysocyon brachyurus  Maned wolf/CB2 91.29 1.35 0.11 0.50
Canidae Canis lupus familiaris Beagle/CF2 75.09 1.38 0.17 0.50
Canidae Canis lupus familiaris Beagle/CF1 61.30 1.08 0.15 0.34
Canidae Lycaon pictus African wild dog/LP1 132.82 1.75 0.20 0.66
Canidae Canis latrans Coyote/CL1 75.34 1.21 0.20 0.35
Canidae Canis lupus dingo Dingo/D1 83.78 1.23 0.18 0.42

Note: Volumes were converted to mass through use of the specific gravity of brain tissue (1.036 g/cm?; Stephan, 1960).

collaborations with two imaging facilities: the Department of Radi-
ology, Icahn School of Medicine at Mount Sinai; and the Department
of Radiology at Oxford University. Scanning undertaken at the lcahn
School of Medicine was performed using a 7T Bruker Biospec MR
System. The brains of specimens FC1, PT1, L1, VV1, VZ1, CLL2, CB2,
CF2, CF1, LP1, CL1, and D1 were removed within 14 h of death and
immersion fixed in 10% formalin at necropsy before being transferred
to a solution of 0.1 M phosphate-buffered saline with 0.1% sodium
azide solution and stored at 4°C prior to scanning. A 3D fast low angle
shot sequence was used with parameter settings of: time to repetition
(TR) = 36 ms, time to echo (TE) = 23 ms, flip angle = 15, field of view

(FOV) = 128 x 128 x 175, matrix size = 384 x 384 x 384 mm in each
slab, 20 averages, slice thickness = 0.5 mm, and 3D isotropic resolution
of 0.30 mm. Scanning undertaken at Oxford University was performed
using a 7T Bruker Biospec MR System. Following overdose with sodium
pentobarbital (200 mg/kg, i.v., the head of animal CL1 (European wolf))
was perfusion fixed in 2 L of 4% paraformaldehyde in 0.1 M phosphate
buffer (PB). The brain was then postfixed in 4% paraformaldehyde in
0.1 M PB for 48 h before storage in freezer storage solution. Scanning
was performed at the Wellcome Centre for Integrative Neuroimaging,
Nuffield Department of Clinical Neurosciences, University of Oxford.

The specimen was scanned on a Siemens 7T whole-body scanner
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. Prefrontal cortex

. Inferior temporal cortex

. Lateral prefrontal pole

Medial prefrontal pole

Summary of the connectional relationships derived from Divac, 1972, 1974;
Lawicka, 1972; Lawicka, Mishkin & Rosvold, 1975; Frys & Stepien, 1982; Seger & Cincotta, 2005;
Yanike & Ferrera, 2014; Grahn et al., 2008; Hikosaka et al., 2000; Villablanca, 2010.

FIGURE 2 Anoverview of the anatomical subcomponents of the caudate nucleus (caudate head, caudate body, and caudate tail) and their
known connection to the cortex along with their general functions. Images were created from 3D reconstruction of the lateral surface of the
caudate nucleus and brain of a representative canid species, while the connectional information was summarized from that obtained in Divac
(1972,1974), Frysz and Stepien (1983), Grahn et al. (2008), Hikosaka et al. (2000), Lawicka (1972, 1975), Seger and Cincotta (2005), Villablanca
(2010), Yanike and Ferrera (2014). The caudate head is involved in cognition and emotional networks (e.g., evaluating the value of different actions)
through its connectional links with the lateral and medial prefrontal pole (dorsal anterior cingulate cortex). The caudate body is functionally
involved in perceptual and action-controlling functions (e.g., spatial working memory, inhibitory control, and set-shifting) through its connections
to the prefrontal cortex. The caudate tail is involved in processing visual information and the control of movement through connections with the
inferior temporal cortex. Lesions of the tail are known to impair the visual discrimination of objects.

(28-channel receive/1-channel-transmit knee coil—QED). A high-
resolution structural scan was acquired using a true fast imaging with
steady-state free-precession sequence, TR = 14.65 ms, TE = 7.33 ms,
flip angle = 30°, FOV = 118 x 160 x 99 mm in each slab, matrix
size =542 x 736 x 448, and 3D isotropic resolution of 0.22 mm.

2.3 | MR image preprocessing and segmentation

Following MR image acquisition, the resulting DICOM files were
loaded into Analyze software v. 10.0 (www.analyzedirect.com,
RRID:SCR_005988) for postprocessing using a traditional volumetric
approach. Traditional volumetry is widely considered the gold stan-
dard for volumetric research having been applied on a wide range of
populations and anatomical regions and showing both a high degree
of reliability and validity (Emerton et al., 2009). Although voxel-based
approaches are certainly faster and less reliant on expert/rater guid-
ance to complete tracings, there have been numerous questions raised

about the veracity of the assumptions of this approach (Douaud et al.,

2006; Juh et al., 2006). In the current study, given the small sample
sizes per species, we opted for the use of traditional volumetry as this
allowed for the manual tracing of each region of interest and close
inspection and validation by the raters.

Before segmentation, MR images were visually inspected to ensure
that processing had not inadvertently distorted the hemispheric
surface or anatomical midline, affecting the shape of the caudate. The
postprocessing steps involved resectioning the image sequences along
the A-P plane to facilitate import into ITKSNAP software (http://www.
itksnap.org, RRID:SCR_002010). MR images were then loaded into
ITKSNAP for caudate segmentation and surface reconstruction. Unless
otherwise noted, all caudate volumes were reconstructed for the left
hemisphere of each specimen. The ITKSNAP toolkit provides several
options for both automatic segmentation (using Region Competition
Snakes and Geodesic Active contours) and fully manual segmentation
procedures (Yushkevich et al., 2006). Due to the image characteristics,
we used manual segmentation procedures to isolate and reconstruct
the caudate nucleus (head, body, and tail), while semiautomatic

segmentation was used for whole brain volumes. Using the region of
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interest tool, the caudate nucleus was outlined in all coronal slices in
which it appeared. The head, body, and tail portions were included
to the point where the tail was no longer visible alongside the dorsal
surface of the inferior horn of the lateral ventricle.

We parcellated the caudate nucleus into the head and body of the
caudate for separate volumetric analyses. Given known connectional
and functional differences between the caudate head and body, we
hypothesized that the parcellation of the caudate and subsequent anal-
ysis would allow us to better identify potential species differences
related to the underlying functions of the head and body. The delin-
eation between the head and body of the caudate was performed by
using the interventricular foramen as the delineating anatomical land-
mark (Levitt et al., 2002). In accordance with previous studies, the
interventricular foramen was defined as the most posterior coronal
slice where any part of the anterior column of the fornix was visible,
while the posterior border was defined as the coronal slice appear-
ing just before the atrium (Levitt et al., 2002). Because of difficulties
adequately separating the ventral striatum (nucleus accumbens) from
the merged putamen and caudate anteriorly, our definition of the head
of the caudate nucleus pragmatically includes the nucleus accumbens.
Hence, we hypothesize that by our definition, this area is expected to
receive its major innervation from the lateral and medial prefrontal
cortex and be involved in functions that include the evaluation of differ-
ent action value as well as stimulus motivation. Segmentation outlines
were completed by MF and MAS and visually inspected by both inves-
tigators for consistency through reference to relevant anatomical
atlases on canine and human brains (e.g., Mai et al., 2015; Palazzi,
2011). Associated whole brain volumes were also segmented for each
specimen using semiautomatic segmentation as applied through the
Region Competition Snake algorithm. To validate our approach, a
pilot study was conducted on two randomly selected brain scans (one
canid and one felid) by two observers (MF and MAS). Each observer
was responsible for independently segmenting the caudate nucleus
with interobserver congruency assessed (Lin, 1989). Despite variabil-
ity in the most caudal extent of the caudate tail, high congruencies
in volume measures were obtained by the two observers (i.e., Lin’s
concordance >90%), suggesting that the caudate delineations were
highly reproducible. An overview of the parcellation and segmentation
procedure is provided in Figure 3. The resultant 3D reconstructions
were then saved as stereolithographic files before being imported
into the open-source mesh editing software MeshLab (http:/www.
meshlab.net/, RRID:SCR_003430) for further analysis (i.e., curvature
and cross-sectional strength analysis). Volumetric and surface area
data from each species were then computed in MeshLab before being
tabulated in Microsoft Excel in preparation for statistical analysis in
R.

2.4 | Curvature analysis

3D anatomical modeling of the caudate surface can provide additional
information on the spatial properties of the caudate not reflected in

the size of the structure. We used shape-based techniques (applied

THE JOURNAL OF COMPARATIVE NEUROLOGY

through the imaging pipeline of MeshLab) as a means of visually
comparing the 3D anatomical surface of the caudate in each species.
We computed Gaussian curvatures for each resulting caudate mesh in
MeshLab. Curvature analyses have been conducted on earlier studies
of the human cortical surface (e.g., Batchelor et al., 2002; Pienaar et al.,
2008; Shimony et al., 2016), and here we applied them to the study
of carnivore brains. Curvature is a scalar quantity that provides a
measure for the amount of bending at a point on a convoluted surface
(Demirci & Holland, 2022). The Gaussian curvature is considered an
invariant measure (unless the surface is distorted through shearing or
stretching) of intrinsic bending/distortion (Chiek, 2006). This measure
has been used in earlier studies of mammalian brains to compare
cortico-cortico connectional lengths (Ronan et al., 2011, 2014). Use
of this metric to analyze the caudate reflects intrinsic bending forces
resulting from aspects of normal biological growth. Using MeshLab,
3D mesh files of the caudate nucleus were subjected to curvature
analysis using the modeling modules in MeshLab (Figure 4). The
initial process involved smoothing through the application of two
smoothing filters. First, we applied Laplacian smoothing (parameters:
smoothing steps = 3; 1D boundary smoothing; contingent weighting)
followed by face normal smoothing. We then applied the Curvature
Calculation Filter to compute the Curvature Principal Directions and
used Principal Component Analysis to map the mesh quality to the
Gaussian curvature data. Each mesh was then rendered and visually
compared for areas of high curvature (hot colors) versus low curvature
(cool colors). Along with curvature data, we also extracted surface
area and volume data using the Quality Measures and Computation
Module and computed the linear dimensions of the caudate nuclei
using Meshmixer (analysis module; submodule: units/dimensions; see
Figure 4). Although a notable challenge to our models is the limited
sample size for each species, we believe that these maps provide
valuable comparative data to evaluate interspecific differences in
caudate surface morphology.

2.5 | Cross-sectional structural analysis

In addition to the computation of curvature data, we also used cross-
sectional structural analysis as applied in MeshLab to calculate the
relative strength of each mesh and mapped this strength data back
onto the 3D space of the caudate (head, body, and tail) to provide a
heat map showing areas of weakness and relative strength (Figure 4).
This technique detects critical stress inside a 3D object. The object is
partitioned into cross sections, and the critical stress is computed at
each section based on the bending momentum equilibrium. The results
of these analyses are displayed in MeshLab as a heat map with hot col-
ors indicating areas of maximum weakness, while cooler areas are sites
of minimum weakness (i.e., less likely to fracture under stress). This pro-
cedure as applied in MeshLab uses the Euler-Bernoulli assumption to
focus on the geometric relationship between a cross section and exter-
nal loads (Autodesk, 2010). As a consequence, this procedure ignores
deformation outside the cross section and specifically points to weak
parts of the 3D object (Autodesk, 2010).
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cc = corpus callosum

ac = anterior commissure
f = fornix

th = thalamus

amg = amygdala

ic = internal capsule

FIGURE 3 Asummary of the segmentation pipeline used in ITKSNAP for semiautomatic segmentation of the whole brain (a-d) and manual
segmentation of the caudate nucleus (e-k). (a) Representative MR coronal image through the diencephalon of a felid (Felis silvestris catus); (b and c)
screenshots of the active contour segmentation process using the speed function and guided by user placed initialization seeds; (d) a
representative screenshot of a completed 3D surface reconstruction of the felid brain using semiautomatic segmentation. (e-g) Representative
coronal images through the caudate head, body, and tail; (h) a 3D reconstruction of the caudate nucleus completed through manual segmentation;
(i-k) representative screenshots showing the parcellation of the caudate head and body. The parcellation landmarks are described in detail in

Section 2.

2.6 | Data analysis

We used phylogenetic generalized least squares (PGLS) regression
analysis to evaluate the scaling attributes of the caudate nucleus (i.e.,
whole volume, caudate head, and caudate body) against brain vol-

ume. All statistical analyses were undertaken in R v. 3.4.1 (www.r-

project.org/ with PGLS being performed using the “caper” add-on pack-
age) (Orme et al., 2013). The phylogeny used in the current study is
shown in Figure 1 as derived from Bininda-Emonds et al. (2007, 2008),
Nyakatura and Bininda-Emonds (2012). Note that the data points for
the domestic dogs (C. lupus familiaris) and dingo (C. lupus dingo) were not

included in the regressions but were superimposed on the regression
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FIGURE 4 Sample images showing the process used in computing curvature maps of the caudate nucleus (a-e) as well as cross-sectional
structural analysis in MeshLab. (a) A representative image of the caudate nucleus showing the raw/unprocessed 3D mesh file generated in
ITKSNAP through manual segmentation; (b) resultant mesh file after initial smoothing in MeshLab through the application of Laplacian and face
normal smoothing; (c) an example of a resultant Gaussian curvature map with curvature data mapped back onto the vertex quality data; (d) an
example of the strength data obtained from cross-sectional analyses of the caudate mapped back onto the 3D surface; (e) a representative image
showing volumetric and linear dimensions obtained from caudate mesh file using the MeshLab.

TABLE 2 Summary of the regression statistics for caudate volume and its subcomponents scaled against brain volume, species group size, and

species home range.

Model (x variable; y variable) ) Adjusted R?
PGLS (brain volume, whole caudate volume) 73 .99
PGLS (brain volume, caudate head volume) 0 .88
PGLS (brain volume, caudate body volume) 0 92
PGLS (caudate head volume, species group size) 0 —-.06
PGLS (caudate body volume, home range) 0 79
PGLS (residuals caudate head volume—brain volume, 0 .03
species group size)
PGLS (residuals caudate head volume—brain volume, 0 A1

home range)

Slope SE t-Value p Intercept SE
.8 .02 33.52 5.45x 1077 -145 .05
.89 A1 7.88 0 -2.59 21
71 .07 9.66 2.68x107° -176 .14
.25 .35 72 .50 -1.07 .18

2.63 .50 525 .00 2.52 26
.57 1.20 47 .65 40 A2

3.72 3.98 .93 .38 1.32 27

Note: All regression statistics were obtained using phylogenetic generalized least squares regression (PGLS). PGLS was performed using Caper (Orme et al.,

2013).

lines to evaluate their relative placement. The raw data used to derive
these relationships are shown in Table 1, and a summary of the regres-
sion statistics derived from the analyses is shown in Table 2. In addition
to comparing the scaling attributes of the caudate to brain mass, we
also evaluated scaling attributes of the caudate head and caudate body
to published average species group size and home range. Species values
for each of these estimates were sourced from Michaud et al. (2022).
To account for the likely effect of brain size in our comparisons, we

computed the residuals of caudate head and body size against brain

volume and regressed these residuals against species group size and

home range, respectively.

2.7 | Limitations

One of the limitations of the current study is the small sample
sizes available to adequately address questions concerning the range

of intraspecific variation within each species. This is a common
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limitation of comparative studies, especially those using charismatic
species which are difficult to acquire. Given this limitation, we focused
our attention on the interspecific patterns in caudate morphology
which provide us with an opportunity to characterize changes in vol-
umetry as it relates to brain size. Although we acknowledge that
intraindividual variation in age, sex, reproductive status, and life his-
tory can impact brain volumetry, we feel that our approach focused
on species-level differences in a cross species analysis, as undertaken
here, is appropriate given the limitations and helps characterize species
typical patterns in caudate morphology which differentiate the group.

It is also important to note that our interpretations on the connec-
tivity, behavioral, and cognitive functions of the head and tail of the
caudate, as presented here, are largely extrapolated from the extensive
primate and rodent literature on the topic. Direct observations have
only been completed in a limited manner on a small subset of domestic
and wild Carnivora (Cook & Berns, 2022). Although we acknowledge
this caveat, and that the Euarchontoglires have been separated from
the Carnivora by almost 90 million years of evolution, we argue that
evidence of strong conservation of the morphological plan as exem-
plified by scaling analyses of the cortical and subcortical structures
(e.g., Bush & Allman, 2004) suggests that certain shared character-
istics underlie the connectivity and function of the caudate and its

subcomponents.

3 | RESULTS

3.1 | Scaling of the caudate nucleus with brain
volume, species group size, and home range

Regression analysis (PGLS) revealed a strong positive relationship
between the size of the whole caudate nucleus and brain volume (PGLS
slope =.80, p = 5.45 x 10~?, R-squared = .99) (Figure 8a; Table 2), indi-
cating that 99% of the variance in caudate volume could be explained
by brain size. The lambda value for the regression line indicated the
presence of a phylogenetic signal in the data (i.e., A = .73); thus, phy-
logenetic correction was warranted (Table 2). Although all species data
points were well within the prediction intervals, the data points for the
domestic dog (C. lupus familiaris) lay outside of the confidence intervals
and close to the upper bound for the prediction intervals.

Caudate head volume regressed against brain volume displayed
strong positive allometric scaling (PGLS slope = .89, p = .00, R-
squared = .89, 1 =0) (Figure 8b) with 88% of the variance in the size of
the caudate head being attributed to brain size. Although the majority
of the species data points were within the prediction intervals, the data
points for the coyote (C. latrans), the domestic dog (C. lupus familiaris),
and dingo (C. lupus dingo) were found to lie outside of the confidence
interval.

Similarly, regression analysis of caudate body size plotted
against brain volume revealed allometric scaling (PGLS slope = .71,
p=2.68x 107, R-squared = .92, 1 = 0) (Figure 8c) with approximately
92% of the variance in the size of the caudate body being explained by

variance in brain size. All species data points were within the prediction

intervals, but the European wolf (C. lupus lupus) and tiger (P. tigris) had
data points that were found to lie slightly outside of the confidence
intervals.

Regression analysis of caudate head volume regressed against
species group size revealed no significant relationship between the two
variables (PGLS slope = .25, p = .50, R-squared = .07, 1 = .00). Simi-
larly, scaling analysis of the residuals of caudate head volume and brain
volume regressed against species social group size also revealed no sig-
nificant relationship (PGLS slope = .57, p = .65, R-squared = .03, 1 = 0)
(Figure 9a), with only 3% of the variance in size of the caudate head
attributed to the variance in group size. In contrast, caudate body size
was found to be significantly, positively correlated with home range
with 79% of the variance in the caudate body being explained by vari-
ance in home range size (PGLS slope = 2.63, p = .00, R-squared = .79,
A =0) (Figure 9b); however, when correcting for brain size by regress-
ing the residuals of caudate body size and brain volume against home
range, we found that home range was not significantly correlated
with caudate body size residuals (PGLS slope = 3.72, p = .38, R-
squared =.11, 1 = 0). Although all species data points were within the
prediction intervals for this regression, the African wild dog (L. pictus)
data point was found to lie slightly outside of the confidence interval

and nearer the upper bound for the prediction intervals (Figure 9).

3.2 | Shape analysis and cross-sectional properties
of the caudate nucleus

To test for shape differences in caudate morphology in our sample, we
computed Gaussian curvature profiles and visually compared the cur-
vature heat maps between canids and felids. As shown in Figures 5
and 6, despite wide differences in brain size and shape, there appeared
to be consistency in curvature maps between these clades. As exem-
plified in the comparison of curvature profiles for the domestic cat (F.
silvestris catus) and the tiger (P. tigris) (Figure 5), marked curvature in
the heat maps of the lateral and medial surfaces of the caudate was
observed with areas of low curvature near the body of the caudate and
areas of high curvature near the ventral body and tail of the caudate.
This pattern of curvature was also consistent with that observed in the
snow leopard (P. uncia). Similarly, we observed fairly consistent pattern-
ing of curvature across these canids with areas of low curvature along
the medial and lateral surface of the caudate body (i.e., cooler colors)
and areas of high curvature near in the ventral body and tail of the cau-
date. One notable difference among the canids’ curvature maps was
the observation of a consistent area of high curvature in the rostral
surface of the caudate in domestic dogs (C. lupus familiaris), an obser-
vation that was also slightly evident in the rostral surface of the coyote
(C. latrans).

We also applied cross-sectional structural analysis to each mesh
to calculate its relative strength and mapped this strength data back
onto the 3D space to visually compare areas of weakness and rel-
ative strength in each mesh (Figure 7). Heat maps of critical stress
revealed a consistent point of marked weakness in the caudal body and

tail of the caudate nucleus (i.e., hot colors indicate areas of maximum
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FIGURE 5 Bilateral curvature maps of the caudate nucleus in the domestic cat (a) and Siberian tiger (b). Note the marked similarity in heat
maps of the lateral and medial surface with areas of low curvature near the body of the caudate and areas of high curvature in the rostral body and
tail of the caudate. These similarities in curvature are notable when considering the marked differences in brain shape and size between these two
species [i.e., the tiger brain (231.24 g) is nine times bigger than the cat brain (25.39 g) and more dorsoventrally compressed]. Areas of high
curvature are shown in the warm colors, while cooler colors indicate lower curvatures.

weakness, while cooler areas are sites of minimum weakness and less
likely to fracture) across canids and felids. Despite this consistency, we
also noted that the caudate nucleus of the fennec fox (V. zerda) was
a clear outlier in the group as it had large areas of maximum weak-
ness/fracture extending into the caudate midbody and head area. This
relative extension of the fracture points into the mid caudate body was

also observed in the domestic cat albeit to a much lesser extent.

4 | DISCUSSION

Scaling analyses revealed that brain size is a strong predictor of cau-
date size across the Canidae and Felidae. Similar results were obtained
for scaling analyses of the caudate head and caudate body. Although
all species data points lay within the prediction intervals of the regres-
sions, we observed some notable deviations. The domestic dog data
were consistently found close to the upper bound for the prediction
intervals of whole caudate nucleus and caudate head size versus brain
size. We tested for a relationship between the sizes of the head of the
caudate with social group size and found no significant association. The
body of the caudate was positively and strongly correlated with home
range size but not after correcting for brain size. Apart from a slight

deviation in the rostral caudate of the domestic dog, curvature anal-

yses revealed an overall consistent pattern of curvature across canid
and felid species. Similar patterns of consistency in caudate fracture
points were obtained from cross-sectional structural analysis, with the
only notable exceptions being an extension of the fracture areas into
the midbody and head of the caudate for the fennec fox and domestic

cat.

4.1 | Scaling of the caudate nucleus with brain
mass, species group size, and home range

In accordance with previous observations of scaling in the mammalian
brain (Manger et al., 2013), we observed a strong pattern of positive
hypoallometric (i.e., slope <1) change in caudate size with increases
in brain size, indicating that the rate of the caudate volume increase
is lower than that of brain volume. This linked regularity in scaling
across species was also observed for the head of the caudate nucleus,
as well as the body of the caudate, although the scaling relationships
for the body were characterized by a hyperallometric pattern (i.e.,
>1.0) such that caudate body volume increase is higher than that of
increases in brain size. A combination of genetic (Onorati et al., 2014)
and developmental control (Deacon et al., 1994) paired with the poten-

tial for developmental plasticity through adult neurogenesis (Dayer
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Vulpes vulpes  Chrysocyon brachyurus Canilupusf. (2 yr)

FIGURE 6 Gaussian curvature maps of the lateral surface of the caudate nucleus in 12 carnivore specimens. Areas of high curvature are
shown in the warm colors, while cooler colors indicate lower curvatures. The caudate sizes have been normalized to facilitate visual comparison. In
some cases, the right caudate was substituted for the left due to challenges with the resultant segmentation. Note the marked areas of high
curvature (warm colors) in the head of the caudate nucleus in the domestic dog (Canis lupus familiaris) also present to a lesser extent in the coyote

(Canis latrans).

etal.,, 2005; Ernst et al., 2014; Luzati et al., 2006) or the impact of envi-
ronmental factors (see Isaacs et al., 2008) may, in part, be responsible
for the close alignment in interspecific scaling attributes observed for
the caudate nucleus. Although our analyses demonstrated these scal-
ing relationships, we also observed a notable deviation in the scaling of
the caudate nucleus for the domestic dog. To the best of our knowledge,
only one other study has quantitatively compared caudate volume in
wild Carnivora (Cook & Berns, 2022). These authors provide volumet-
ric measures for the caudate and putamen volume in two coyotes and
two California sea lions. These published volumes are in strong align-
ment with that presented in the current study albeit slightly smaller
(0.88 vs. 1.21 g) as the authors notably did not include the caudate tail
in their segmentations (Cooks & Berns, 2022).

In recent years, studies on the behavior of domestic dogs have
revealed a suite of convergent socio-cognitive skills (e.g., Brauer et al.,
2006; Hare & Tomasello, 2005; Hare et al., 1998; McKinley & Sam-
brook, 2000; Miklosi et al., 1998) that may have been shaped through
the domestication process (Hare et al., 1998). Although comparative
neuroanatomical data on domestic dogs compared to other canids are

limited, dogs are known to: (1) have undergone a reduction in over-

all brain size relative to wild-type canids (R6hrs & Ebinger, 1978); (2)
have increased variability in brain size (Kruska, 1980; Schleifenbaum,
1973); (3) have increased variation in corpus callosum morphology and
an extension of the rostral component of the corpus callosum (Spoc-
ter et al., 2018); (4) have a putative larger number of cortical neurons
(Jardim-Messeder et al., 2017); and (5) have increased variability in
cortical gyrification and a reduction in gyrification of the visual cortex
(Grewal et al., 2020), as well as breed specific patterning of connectiv-
ity (Hecht et al., 2019). Of particular relevance to the current study,
Berns et al. (2012, 2013) used fMRI in fully awake dogs to evaluate
brain activation in the caudate nucleus (focused on the head of the
caudate) using the contrasts of reward versus no reward hand signals.
These results revealed significant activation in the caudate nucleus
when dogs were presented with associated hand signals and food
reward, a pattern that the authors note was strikingly similar to cau-
date activation observed in humans and nonhuman primates (Berns
et al.,, 2012, 2013). Furthermore, the canine medial caudate was also
activated when animals were presented with familiar versus unfamiliar
human and other conspecific odors (Berns et al., 2015). An interest-

ing observation from this study was that although the olfactory bulbs
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FIGURE 7 Results of cross-sectional structural analyses obtained in MeshLab for each mesh in 12 carnivore specimens. This technique
detects critical stress inside a 3D object. The object is partitioned into cross sections, and the strength is computed at each section based on the
bending momentum equilibrium. Hot colors indicate areas of maximum weakness, while cooler areas are sites of minimum weakness and less likely
to fracture. Note the marked weakness in the rostral body and tail of the caudate across species. Also note that the fennec fox (Vulpes zerda) and
domestic cat (Felis silvestris catus) were the smallest of all the Carnivora in this sample and appeared to have expanded areas of maximum

weakness/fracture extending into the mid caudate body and head.

were activated by all scents, caudate activation peaked with the pre-
sentation of the familiar human, indicating that the dogs were able to
discriminate familiar versus unfamiliar scents (Berns et al., 2015). The
role of the caudate nucleus in evaluating different actions and mak-
ing associations and predictions with positive expectations has been
studied extensively in humans (e.g., Izuma et al., 2008; Montague &
Berns, 2002; Rilling et al., 2002), nonhuman primates (e.g., Doi et al.,
2020; Schultz et al., 1997), and rodents (e.g., Knutson et al., 2001). The
caudate receives inputs from the cerebral cortex in the form of gluta-
matergic neurons as well as modulatory dopaminergic inputs (Koob,
1992; Matz & Spocter, 2022). This dopaminergic input is believed to
signal rewarding stimuli in the caudate (Daw et al., 2011; Schultz et al.,
1997). Lesion studies have revealed that injuries to the anterior cau-
date are associated with disturbances in the reward pathway as well as
in the processing of feedback during associative learning (e.g., Yanike
& Ferrera, 2014). These studies have revealed that the anterior aspect
of the caudate simultaneously encodes spatial, risk, and reward infor-
mation as it is sent to the frontal cortex (Yanike & Ferrera, 2014).
In contrast, the caudate body and tail are involved in the acquisi-
tion of learning associations between stimuli and responses/categories
(Seger & Cincotta, 2005). The discovery that damage to the anterior

caudate nucleus in monkeys resulted in behavioral impairments sim-

ilar to those found after prefrontal lesions, stimulated research into
the functional role of the caudate nucleus and its functional links to
the prefrontal cortex. Early lesion studies in monkeys showed that
lesions of the tail of caudate impaired visual discrimination (Divac
et al,, 1967) and that the caudate tail received projections from the
inferotemporal cortex (Mishkin & Pribram, 1954). Further studies in
monkeys revealed that the head of the caudate nucleus receives pro-
jections from the frontal cortex and that lesions in the ventrolateral
head of the caudate resulted in impaired performance on object rever-
sal tasks, while lesions of the anterior dorsal head of the caudate
nucleus resulted in impairments in spatial alternation tasks (Pribram
et al, 1952). These results were later extended to domestic felids
(F. silvestris catus) (Divac, 1972, 1974), demonstrating that lesions of
both the prefrontal cortex and head of the caudate nucleus impaired
performance on a delayed alternation task. Problems of spatial dis-
contiguity have been investigated in monkeys (Goldman & Rosvold,
1970; Podbros et al., 1980) and dogs (Lawicka, 1972, 1975; Stepien
et al,, 1966, 1975) following prefrontal lesions. These studies were
concerned with an animal-orienting response in spatial requirements
(e.g., Lawicka et al., 1975), and the impairment caused by either pre-
frontal or anterior caudate lesions (Potegal, 1972). Subsequent study

in domestic cats revealed that the head of the caudate (especially its
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volume. Note that the domestic dog (Canis lupus familiaris) and dingo (Canis lupus dingo) were not included in the regression analyses but their data
points were simply superimposed on the regressions for visual comparison. All data were logarithmically transformed (base 10) prior to inclusion
in the regression analyses. Data used to derive these relationships are shown in Table 1. Dotted lines indicate the prediction and confidence
intervals for each regression line.
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ventral segment) played animportant role in the solution of these tasks,
and that lesions of the caudate head resulted in impaired spatial task
performance (Frysz & Stepien, 1983). In humans, the medial aspect of
the caudate nucleus has been implicated in goal-directed behavior and
motivation as well as behavioral flexibility (Grahn et al., 2008; Hikosaka
et al., 2000). These observations have also been supported by lesion
studies in domestic felids where bilateral damage to the caudate is
known to result in hyperactive and compulsive behaviors (Villablanca,
2010). It is notable that these hyperactive and compulsive behaviors in
domestic felids functionally parallel the behaviors observed in human
obsessive-compulsive disorder, autism spectrum disorder, and atten-
tion deficit hyperactivity disorder where caudate dysfunction is known
to result in abnormal activation of the thalamus and frontal lobe (Hynd
et al., 1993; Lou et al., 1989; Robinson et al., 1995; Scarone et al.,
1992; Sears et al., 1999; Sheppard et al., 1999). Studies on domestic
felids have also reinforced observations of the caudate involvement
in mnemonic function (White, 2009) and demonstrated that large cau-
date lesions impaired both initial learning and performance on various
alternation tasks (Olmstead et al., 1976, Olmstead & Villablanca, 1979;
Villablanca et al., 1978). Although we know very little about the con-
nectivity of the caudate in wild Carnivora, a recent study has provided
some valuable insight through the use of probabilistic tract tracing
in coyotes and California sea lions (Cook & Berns, 2022). This study
revealed that both sea lions and coyotes had three primary frontal
projections emerging from the caudate: (1) a putative motor cortex
projection projecting to the cruciate sulcus, (2) a projection to the pre-
motor and frontopolar cortex heading toward the presylvian sulcus,
and (3) an orbitofrontal cortex projection heading toward the orbital
gyrus (Cook & Berns, 2022). Collectively, these observations suggest
that the caudate is functionally similar to analogous regions in the
primate and rodent model (also see Christie et al., 2008).

We hypothesize that our observation of relative increase in caudate
volume in domestic dog reflects changes that support error prediction
and the evaluation of different actions. In the absence of compara-
tive fMRI studies on caudate activation in wild canids and felids, we
postulate that this trait may be a result of the domestication process,
facilitating a slight deviation from the constraints of scaling laws of
form.

Given the connectional and functional differences between the cau-
date head and body (Grahn et al., 2008; Hikosaka et al., 2000; Lawrence
et al., 1998; Middleton & Stick, 1996; Seger & Cincotta, 2005; Yanike &
Ferrera, 2014), we analyzed the scaling of these individual components
with brain size (as well as select ecological variables). The domestic dog,
dingo, and coyote were found to have relatively larger than expected
caudate head sizes. These observations in the dog are consistent with
our hypothesis that the canine caudate has undergone volumetric
changes to support the function of error prediction and action evalu-
ation as a result of domestication. Similarly, observations in the dingo
might also be reflective of this domestication process. Current genomic
data indicate that feralization in the Australian dingo had started
approximately 8000 years ago and that remained genetically isolated
until around 200 years ago (Zhang et al., 2020). We postulate that

the scaling of the dingo’s caudate head either reflects an evolutionary
lag in the adjustment of scaling attributes or that dingos have co-
opted the capabilities afforded by an expanded caudate head into novel
environmental and behavioral circumstances that would require error
prediction and evaluation of expectations. While speculative, a rela-
tively expanded caudate head preadapted for action evaluation could
be co-opted into social reward interactions by extant dingos. Although
dingos are solitary in some areas (Corbett & Newsome, 1975), discrete
stable packs of 3-12 individuals have been reported (Corbett, 1995)
with groups showing rank order and captive groups even displaying
male and female dominance hierarchies (Corbett, 1988).

Scaling analyses of the caudate body identified the European
wolf and tiger as having relatively larger and relatively smaller than
expected caudate body size, respectively. Given the role of the cau-
date body in action-controlling functions, our observations may reflect
natural differences in inhibitory control between tigers and wolves
such that different inhibitory controls could lend itself to different
adaptive functions during hunting or social interactions. We postulate
that ambush hunting likely relies strongly on inhibitory control, as pre-
potent impulses necessary to initiate the chase stage of the hunting
sequence need to be suppressed until the predator is close enough
to the prey to initiate an effective chase. The failure to adequately
delay this chase sequence until the desire prey is within reach would
result in a loss of opportunity to acquire a meal as well as significant
wasted energy, which can be disastrous to the animal. It is also possible
that differences in the caudate body size between these species might
be related to differences in sociality as observed (Bailey et al., 2013;
Kleiman, 1967; Mazak, 1981; Sunquist, 1981).

As the caudate head has a role in cognitive and emotional functions
(Graff-Radford et al., 2017; Kemp et al., 2013) and the nucleus accum-
bens (that we included in our anatomical segmentation) is involved in
stimulus-driven motivation (Day & Carelli, 2007), we hypothesized that
species average group size would scale with the size of the head of the
caudate, but no significant relationship was observed.

We did observe a strong, significantly positive relationship between
species home range size and the absolute volume of the caudate body,
but subsequent analyses revealed that after correcting for brain size,
the caudate body size was not significantly correlated with home range.
In summary, scaling of the caudate nucleus and its subcomponents was
found to be strongly correlated with brain size, while a consistent pat-
tern of deviation from these scaling attributes was observed in the

domestic dog.

4.2 | Shape analysis of the caudate nucleus in
carnivores

We observed broad similarities in the curvature of the caudate nucleus
within each clade. These similarities in curvature are impressive given
the marked difference in brain shape and size between species. For
example, the tiger brain is almost nine times larger than that of

the domestic cat, but the caudate curvatures were almost identical

85UB017 SUOWWID A1) 8ol jdde ayy Aq peuseno a1e Saoile VO ‘8sN JO Sa|nJ o Akeid18uljuO 3|1 UO (SUOIPUOO-PUB-SWBIAL00" AB 1WA eiql Ul [UO//SdnL) SUOBIPUOD pue SWwie 1 8y} 885 *[202/L0/TE] U0 AkeidiTaul|uo A8 ]I ‘Uotessay eOIPSIN LSSy LiINoS AQ 8T9SZ8UO/Z00T OT/I0p/L0o" A3 (1M AeIq Ul |uo// Sy WOy pepeoumod ‘S ‘¥Z0Z ‘T986960T



RESEARCH IN
14 of 18 SYSTEMS NEUROSCIENCE
W l I I . THE JOURNAL OF COMPARATIVE NEUROLOGY

FOSTERET AL.

between species. Similarly, we observed a fairly consistent patterning
of curvature across the canids; however, a notable difference among
canids was the observation of a consistent area of high curvature in
the rostral surface of the caudate in the domestic dogs. Given recent
functional imaging data on the canine brain (Berns et al., 2012, 2013,
2015) as well as our data reporting relatively expanded caudate dimen-
sions in the domestic dog, it appears that our observations of curvature
differences are consistent with the view that the canine caudate has
undergone some form of rostral expansion.

We interpret the results of the cross-sectional structural analysis
as emphasizing the consistency in structural properties of the cau-
date across species, with marked weakness in the posterior body and
tail of the caudate across canids and felids. Despite this consistency,
we also noted that the caudate nucleus of the fennec fox had a large
area of maximum weakness/fracture extending into the mid caudate
body and head area. This relative extension of the fracture points into
the mid caudate body was also observed in the domestic cat albeit to
a much lesser extent. Both the fennec fox and the domestic cat had
the smallest absolute brain size and caudate size of all the species
included in this sample; thus, the expanded fracture points and mesh
weakness reported in these two species may be indicative of this dimin-
ished absolute brain size. Although the application of this approach in
the current study was mainly exploratory, we anticipate several other
potential users of this approach for comparative studies. Animal mod-
els of traumatic brain injury have shown that models that account
for the injury of subcortical structures (e.g., striatum, hippocampus,
amygdala, and thalamus) in addition to focal cortical contusions pro-
duce symptoms that more closely align with that observed in humans
(Thompson et al., 2005; Xiong et al., 2013). Although neuroscientists
have predominantly considered mechanical modeling when investigat-
ing brain or spinal cord injury (Liet al.,2011), recent studies have shown
that mechanical processes play a critical role in neuronal function as
well as the control of developmental processes and disease progres-
sion (e.g., Barnes et al., 2017; Budday et al., 2014; Goriely et al., 2015;
Tyler, 2012). Here we demonstrate that these models can be readily
generated to compare features of the 3D neural space in a comparative
context.

In conclusion, the evolutionary history of canids and felids is marked
by a deep time separation that has uniquely shaped their behavior
and phenotype. Our analyses reveal that the scaling and shape char-
acteristics of the caudate nucleus are characterized by conservation
within and between these clades, with only slight deviations observed

in domestic canids.
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